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Dr.  Ralph  Alewine 
Advan^  Rea^urch  Projects  Agency 
3701  North  Fairfax  Drive 
Arlington,  VA  22203-1714 

Dear  Dr.  Alewine, 

The  attached  repeat  hilfUls  the  fifth  quarterly  progress  report  requirement  for  the 
period  from  April  1  to  June  30  1994  as  contamed  in  the  ARPA  Grant  No: 
MDA972-93-1-0004  entitM  "Real  Time  System  for  Practical  Acoustic  Monitoring 
of  Global  Ocean  Temperature'*  issued  by  the  Contracts  Managonent  OfBce.  The 
Uidted  States  Government  has  a  royalty-free  license  thimighout  the  world  in  all 
copy  ri^table  material  contained  herein.  This  report  is  approved  for  unlimited 
distribution  and  public  release.  Copies  of  this  report  are  also  mailed  to  the 
d;iitribution  list  contained  in  Attachment  Number  2  of  the  Grant. 

Financial  status  reports  will  be  submitted  separately  from  this  report.  Woods 
Hole  Oceanographic  Institution,  as  the  Grantee,  will  submit  aU  financial  reports 
directly  to  you. 


The  information  contained  in  this  report  represents  the  inputs  and  opinions  of 
the  entire  GAMOT  team;  the  Wood*  Hole  Oceanographic  Institution,  the 
Pennsylvania  State  Urdvertity,  the  Florida  State  Urdversity,  University  of  Alaska, 
University  of  Texas  at  Austin  atul  NRL-Sfoiuds.  If  dds  report  generates  any 
questiora,  please  do  not  hesitate  to  direct  your  questions  or  comments  to  tl4 
Principal  Irrva^gatcffs  or  the  Program  Manager. 


John  L  Spiesberger 
Principai  Investigator 
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Daidel  E  Frye 
Principle  Investigator 
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August  15, 1994 

GAMOT  EXECUTIVE  SUMMARY 

Wor ;  linues  on  all  GAMOT  Tasks  as  described  in  ARPA  Grant  No;  MDA972- 
9^-1-0004. 

•  Task  A.  Task  A  work  remains  on  schedule  and  we  have  completed  the 
following  work: 

We  are  writing  a  new  eigenray  hnder  for  use  in  identifying  the  paths 
which  sound  take  fr^  sources  to  the  surface  svispend^  acoustic 
receivers. 

A  theoretical  investigation  has  been  conducted  which  has  found  that  it  is 
possiblr  ;'av  theory  can  be  extended  to  acoustic  frequencies  below 
100  Hz. 

A  new  paraboUc  approximation  to  the  acoustic  wave  equation  has  been 
develc^>ed.  L  <uikc  all  previous  parabolic  approximaticms,  the  new 
approximation  predicts  delays  of  acoustic  pulses  with  little  error. 

The  acoustic  multipaths  trom  the  Kaneohe  source  have  been  identified  at 
(me  SOSUS  station  using  a  ray  tracing  algorithm  called  ZRAY.  This 
was  a  breakthrough  since  this  is  the  furtf^t,  4000  km,  that  ray  theory 
has  been  successfully  used  to  understand  aa>ustic  propagation  in  the 
ocean. 

We  have  ported  the  first  verskm  of  the  tonmgrapi  y  signal  piocessing 
software  to  the  SSAR. 

We  have  perfected  the  encoding  and  decoding  algorithms  for  transmission 
and  receptkm  from  ARGOS  satellites. 

One  paper  has  been  submitted  for  review  to  the  U.  S.  Navy  prior  to  publication: 

^iesbergn’,  j.L.,  Kaneohe  acoustic  thermometer  furdier  validated  with 
rays  over  3700  km  and  the  demise  of  the  idea  of  axially  trapped 
energy,  to  be  submitted  to  the  |.  Acoust.  Soc.  Am.,  (1994). 

Three  papers  are  contained  in  this  report 

Dnganov,  A.  and  Spiesberger. ).,  Diffractkm  and  mcxieling  pulse  delays  in 
structured  media,  submitted  to ).  Acoust.  Soc.  Am.,  (1994). 

Eiidalt,  B.,  and  Ackerman,  C.,  "Utilizatkm  of  ARGOS  in  a  SSAR  drifting 
buoy,”  to  be  published  in  the  Proceedings  of  the  Marine  Techrmlogy 
Soctety  (MTS)  Conference,”  September  7-9,  (1994). 

Tappert.  R,  Spiesberger,  |.,  and  B(>den,  L.,  New  full-wave  approximatkm 
kn  ocean  acoustic  travel  time  predictions,  submitted  to ).  Acoust.  S(k. 
Am.,  (1994). 

•  TaskB.  Task  B  tasks  and  deliverables  are  (m  schedule.  We  have  completed 
writir^  of  a  numuscript  detailing  the  travel  time  arximaly  estimate  using  a 
rcduc^  gravity  nuxiel  of  tfie  nortitesst  Pacific.  We  have  designed  an  acoustic 
tcHnography  aiKtimilation  method  for  a  similar  model  but  with  spatially  variable 


density.  The  plan  for  monitoring  the  Pacific  Ocean  for  long  term  change  is 
contained  in  the  Task  B  section. 

NRL  has  plotted  the  five  year  tracks  of  194  SSARs  simulated  by  the  1  /8°  NRL 
Pacific  model.  A  revised  paper  on  the  discovery  of  a  decadal  impact  of  the  1982 
•83  El  Nifto  was  completed  and  is  now  in  press  in  Nature.  This  paper  also 
received  other  favorable  press  and  was  featured  on  the  front  page  of  the  New 
York  Times. 

The  University  of  Alaska  continues  the  work  on  interannual  and  seasottal 
variability  and  a  report  of  that  work  in  ccmtaiited  in  the  Task  B  section. 

•  Task  C.  Fabricatkm  of  ten  operational  SSAJRs  is  continuing.  Two  uruts  are 
being  prepared  for  a  test  cruise  at  the  AUTEC  Range  in  August  and  two  units  are 
being  prepared  for  testing  in  the  Pacific  in  November.  No  significant  delays  or 
probk^  have  been  eiKountered. 

The  SSAR  design  is  complete  and  a  Design  and  Test  Report  is  in  preparation.  A 
new  conductor  assembly  for  the  SSAR  h^  has  been  developed  and  ordered.  It 
cortfists  of  a  ctistom  made  coil  cord  assembly  with  a  straight  section  and  a  coiled 
section.  Tests  of  a  stock  coil  cord  are  underway  and  the  design  appears  to 
fimction  %ve]l  in  an  envircmment  simulating  the  action  of  suribce  waves. 

The  hydrophone  array  was  tested  at  Hazeltine  Corporation's  facility  to  determine 
the  effects  of  vertical  motions  on  the  hydrc^hone  output  signals.  This  test 
demonstrated  that  dw  SSAR  electroiuc  filters  effectively  removed  the  heave 
signal.  It  also  revealed  a  problem  with  acoustic  coupli^  between  the 
hydropfumcs  and  the  array  cabling.  The  method  u[^  to  attach  the  hydrophones 
to  the  cable  is  being  modified  to  mirumize  this  problem. 

Planning  b  tinderway  on  three  new  tasks.  1)  A  low  power  receiver  for  the  SSAR 
b  being  designed  so  that  future  SSARs  will  be  able  to  update  their  source 
transmit  sch^uks  after  deployment  2)  A  second  test  cruise  at  the  AUTEC 
Range  b  planned  for  Augu^  to  further  test  the  USBL  navigation  system  and  to 
COTtpaie  acoustic  data  fr^  the  SSAR  hydrophone  array  with  data  from  a 
tubmirface,  moored  h)rdrophone  array.  Tomografduc  processing  algorithms  will 
also  be  tested  on  ihb  crube  as  well  as  GPS  positioning,  ARGOS  telratetry,  and  all 
odier  SSAR  subsystems.  3)  A  test  orube  to  the  Pacific  in  November  b  in  the 
planning  stage. 

•  Taak  D.  The  70  Hz  source  proposal  was  submitted  to  ARPA  on  April  19, 1994. 
No  action  has  yet  been  taken  on  the  proposal.  Because  there  have  been  no 
changes  to  the  status  of  Task  D,  the  Task  D  sectkm  has  not  been  included  in  dus 
report. 

•  Mselbiga. .  Members  of  the  GAMOT  tnm  attended  several  conferences  and 
presented  work  on  dieir  work.  Jcdui  Spiesberger  and  )(dm  Kenny  attended  a 


meeting  to  discuss  the  transition  of  this  program  to  NOAA  and  met  with  the 
Executive  Director  of  SERDP. 

•  Issues  and  Concerns.  Three  issues  are  addressed: 

•  Acoustic  interaction  of  cabled  sources  with  the  bottom  slope,  and 

•  Identificaticm  of  a  source  for  the  autcmomous  mooring. 

•  An  at'Sea  test  with  a  suitable  source  transmitting  M  sequences  over  long 

range  is  desirable  to  fully  verify  SSAR  operation.  A  short  range 
tCMnography  test  will  be  performed  at  the  AUTEC  Range  in  August, 
but  a  kmg  range  test  in  the  PadBc  should  be  scheduled  following  the 
AUTEC  work. 


TASK  A 

TOMOGRAPHIC  DATA  ANALYSIS 


In  the  last  quarter  we  have  accomplished  the  following  tasks. 

We  axe  writing  a  new  eigouay  hnder  for  use  in  identifying  the  paths  which 
souiui  taike  fr^  sources  to  the  surhice  suspended  acoustic  receivers.  This 
eigenray  fiiuier  is  desigrved  to  find  eigenrays  hister  than  our  previous  version. 
The  increase  in  ^)eed  is  based  on  the  fact  tluit  the  SSARs  do  not  move  much 
during  a  day,  so  the  ray  angles  will  not  change  much  during  a  day  from  one  ray 
trace  to  another  ray  trace.  However,  it  is  i\ecessary  to  re-trace  rays  for  each 
different  S6AR  position  to  obtain  an  accurate  estimate  of  the  ray  path  and  ray 
travel  time. 

A  theoretical  investigation  has  been  cotulucted  which  has  found  that  it  is  possible 
that  ray  theory  can  tw  exteiuled  to  acoustic  frequencies  below  100  Hz. 

Previously,  it  has  been  believed  by  the  acoustic  oceanography  commimity  that 
ray  theory  was  not  an  accurate  method  for  onnputing  travel  times  below  100  Hz. 
A  manuscript  of  diis  finding  has  been  submitted  to  the  J.  Acoust.  Soc.  Am. 
(Draganov  arul  Spiesberger,  1994). 

A  new  parabolic  approximation  to  the  acoustic  wave  equation  has  been 
devel<^ed.  UrUike  all  previous  parabolic  approximaticms,  the  new 
apprmdnuition  predicts  delays  of  acoustic  ptalses  with  little  error.  The  new 
approximation  is  insensitive  to  any  twiddle  factors  that  plague  previous 
parabolic  approxinutkms.  For  example,  the  impulse  response  is  insensitive  to  a 
reference  speed  erf  sound.  The  new  approximatiem  is  valid  for  range  dependent 
fields  and  doa  rtot  require  diat  the  propagatiem  of  sound  be  adiabatic.  This  new 
parabolic  approximation  also  is  valid  Iot  high  grazing  angles.  A  manuscript 
describing  fiieae  findings  has  been  submitt^  to  the ).  Acoust.  Soc.  Am.  (Tappert, 
Spiesberger,  and  Boden,  1994).  Tappert's  involvement  in  this  prefect  was  fimded 
through  Task  A,  under  subcontract  to  Perm  ^te  Urdversity . 

The  acoustic  muhipaths  frdm  the  Kaneohe  source  have  been  identified  at  (me 
S06US  station  using  a  ray  tracing  algorithm  called  ZRAY.  This  was  a 
breakthrou^  siiKe  this  is  the  furthest,  4000  km,  that  ray  theory  has  been 
successfully  used  to  uiKlerstaiKl  acoustic  propagatkm  in  the  (xean.  The  acoustic 
source  was  centered  at  133  Hz.  Travel  times  frem  this  sectiem  have  been 
compared  to  an  eddy  resolving  section  taken  in  July  1988  by  NAVCXTEANO.  We 
find  d\at  ray  travel  times  through  the  CTD  section  are  ctmsistent  with  measured 
travel  times.  A  onanuscript  describing  this  finding  has  been  written  and  is  imder 
review  by  the  SOSUS  program  crffice  before  submission  to  a  }oumal  (Spiesberger, 
1994). 


We  dononstrated  that  there  is  no  such  thing  as  axially  trapped  energy  at  133  Hz 
and  4000  km  distance  in  the  northeast  Pacific.  This  surprising  finding  comes 
from  analysis  of  the  Kaneohe  acoustic  thermometer  experiments  in  the  1980's. 
We  find  that  ocean  fluctuations  scatter  otherwise  axially  trapped  energy,  more 
than  1000  m  in  the  vertical  near  the  receiver.  The  ocean  fluctuations  respor^ible 
for  the  demise  of  axially  trapped  energy  have  spatial  scales  smaller  than  the 
mesoscale,  and  may  be  in  part  associate  with  internal  waves.  A  manuscript 
describing  dus  finding  has  been  written  and  is  imder  review  by  the  SOSUS 
program  office  before  submission  to  a  journal  (Spiesberger,  1994). 


We  have  ported  the  first  version  of  the  tomography  signal  processing  software  to 
the  SSAR.  This  software  performs  Doppler  correction,  circulating  sums,  matched 
filtering  and  pulse  compression,  estimation  of  multipath  arrival  angle,  and  peak¬ 
picking.  At  ^  present  time,  all  of  this  processing  can  be  performed  in  nine 
minutes  per  each  reception  on  the  SSAR  hardware.  Quieter  processing  time  is 
expected  as  we  omtinue  to  refine  the  software.  The  tomography  processing 
software  will  be  used  at  to  test  the  SSAR  at  AUTEC  this  August. 

We  have  perfected  the  encoding  and  decoding  algorithms  for  transmission  and 
receptiem  from  ARGOS  satellites.  A  paper  describing  this  processing  has  been 
accepted  for  publication  (Einfalt  and  Ackerman,  1994). 
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TASK  A 

TOMOGRAPHIC  DATA  ANALYSIS 


In  the  last  quarter  we  have  accomplished  the  following  tasks. 

We  are  writing  a  new  eigenray  finder  for  use  in  identifying  the  paths  which 
sound  take  from  sources  to  the  surface  suspended  acotistic  receivers.  This 
eigenray  Hnder  is  designed  to  find  eigenrays  faster  than  our  previous  version. 
The  increase  in  speed  is  based  on  the  fact  that  the  SSARs  do  not  move  much 
during  a  day,  so  the  ray  angles  will  not  change  much  during  a  day  from  one  ray 
trace  to  another  ray  trace.  However,  it  is  necessary  to  re-trace  rays  for  each 
different  SSAR  position  to  obtain  an  accurate  estimate  of  the  ray  path  and  ray 
travel  time. 

A  theoretical  investigation  has  been  conducted  which  has  found  that  it  is  possible 
that  ray  theory  can  1^  extended  to  acoustic  frequencies  below  100  Hz. 

Previc’isly,  it  has  been  believed  by  the  acoustic  oceanography  commvmity  that 
ray  theory  was  not  an  accurate  method  for  computing  travel  times  below  100  Hz. 
A  manuscript  of  this  finding  has  been  submitted  to  the  J.  Acoust.  Soc.  Am. 
(Draganov  and  Spiesberger,  1994). 

A  new  parabolic  approximation  to  the  acoustic  wave  equation  has  been 
developed.  Unlike  all  previous  parabolic  approximations,  the  new 
approximation  predicts  delays  of  acoustic  pulses  with  little  error.  The  new 
approximation  is  insensitive  to  any  twiddle  factors  that  plague  previous 
parabolic  approximations.  For  example,  the  impulse  response  is  insensitive  to  a 
reference  speed  of  sound.  The  new  approximation  is  valid  for  range  dependent 
fields  and  does  not  reqviire  that  the  propagation  of  sound  be  adiabatic.  This  new 
parabolic  approximation  also  is  valid  for  Idgh  grazing  angles.  A  manuscript 
describing  these  findings  has  been  submitt^  to  the  J.  Acoust.  Soc.  Am.  (Tappert, 
^iesberger,  and  Boden,  1994).  Tappert’s  involvement  in  this  project  was  funded 
through  Task  A,  under  subcontract  to  Penn  State  University. 

The  acotistic  multipaths  from  the  Kaneohe  source  have  been  identified  at  one 
S06US  station  using  a  ray  tracing  algorithm  called  ZRAY.  This  was  a 
breakthrough  since  this  is  the  furthest,  4000  km,  that  ray  theory  has  been 
successfully  used  to  understand  acoustic  propagation  in  the  ocean.  The  acoustic 
source  was  centered  at  133  Hz.  Travel  times  from  this  section  have  been 
compared  to  an  eddy  resolving  section  taken  in  July  1988  by  NAV(X!EANO.  We 
find  that  ray  travel  times  through  the  CTD  section  are  consistent  with  measured 
travel  times.  A  manuscript  describing  this  finding  has  been  written  and  is  under 
review  by  the  SOSUS  program  ofhce  before  submission  to  a  journal  (Spiesberger, 
1994). 


We  demonstrated  that  there  is  no  such  thing  as  axially  trapped  energy  at  133  Hz 
and  4000  km  distance  in  the  northeast  Pacific.  This  surprising  finding  comes 
from  analysis  of  the  Kaneohe  acoustic  thermometer  experiments  in  the  1980's. 

We  find  that  ocean  fluctuations  scatter  otherwise  axially  trapped  energy,  more 
than  1000  m  in  the  vertical  near  the  receiver.  The  ocean  fluctuations  responsible 
for  the  demise  of  axially  trapped  energy  have  spatial  scales  smaller  than  the 
mesoscale,  and  may  be  in  part  associated  with  internal  waves.  A  manuscript 
describing  this  frnding  has  been  written  and  is  under  review  by  the  SOSUS 
program  office  before  submission  to  a  journal  (Spiesberger,  1994). 

We  have  ported  the  first  version  of  the  tomography  signal  processing  software  to 
the  SSAR.  This  software  performs  Doppler  correction,  circulating  sums,  matched 
filtering  and  pulse  compression,  estimation  of  multipath  arrival  angle,  and  peak¬ 
picking.  At  foe  present  time,  all  of  this  processing  can  be  performed  in  nine 
minutes  per  each  reception  on  foe  SSAR  hardware.  Quicker  processing  time  is 
expected  as  we  continue  to  refine  foe  software.  The  tomography  processing 
software  will  be  used  at  to  test  foe  SSAR  at  AUTEC  this  August. 

We  have  perfected  foe  encoding  and  decoding  algorithms  for  transmission  and 
reception  from  ARGOS  satellites.  A  paper  describing  this  processing  has  been 
accepted  for  publication  (Einfalt  and  Ackerman,  1994). 
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Diffraction  and  pulse  delay  in  a  structured 

ocean 

A.  Draganov  and  J.  Spiesberger 


Abstract 

In  many  media,  the  wave  speed  can  be  decomposed  into  a  smoothed 
field  in  space  plus  a  residual,  with  a  spatial  average  of  zero,  that  contains 
structure  at  shorter  scales.  Because  of  diffraction,  the  smoothing  scale  plays 
a  key  role  in  determining  which  approximation  of  the  wave  equation  yields 
the  most  accurate  estimate-  of  pulse  delay.  For  oceanic  sound  speed  profiles 
which  are  smoothed  to  suppress  fine  structure,  and  at  4000  km  and  acoustic 
frequencies  near  50  Hz,  the  difference  in  pulse  delay  predicted  with  rays  and 
exact  solutions  of  the  wave  equation  is  of  order  0.1  s.  This  difference  occurs 
because  ray  theory  ignores  diffraction  whereas  the  wave  equation  incorporates 
diffraction.  The  difference  in  pulse  delay  accumulates  primarily  from  focusing 
regions  where  the  scale  of  the  focusing  region  is  about  the  same  as  the  acoustic 
wavelength  and  diffraction  effects  come  into  play.  Due  to  scattering  from 
fine  structure  in  the  ocean,  the  scale  of  focusing  regions  may  sometimes  be 
enlarged  to  be  much  larger  than  an  acoustic  wavelength.  Then,  diffraction 
may  not  significantly  affect  pulse  delay,  and  rays  traced  through  a  smoothed 
sound  speed  profile  may  yield  more  accurate  estimates  of  pulse  delay  than 
exact  solutions  of  the  wave  equation  which  represent  the  ocean  with  the  same 
smoothed  sound  speed  profile. 
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I.  INTRODUCTION 

In  nuny  media  tuch  as  the  ocean,  atmosphere,  and  the  solid  Earth,  the 
speed  of  sound  can  be  decomposed  into  a  smoothly  varying  field  in  space 
plus  a  residual  which  contains  structure  at  sh<xier  wavelengths.  Typically, 
the  smooth  field  is  formed  &om  a  spatial  or  temporal  average,  and  the  fine 
structure  is  characterized  statistically.  The  question  we  address  is  how  to 
compute  the  travel  times  of  pulses  in  these  structured  nwdia.  What  errors 
are  introduced  when  the  speed  of  sound  is  modelled  as  a  smoothly  varying 
function  in  space?  Can  the  fine  structure  of  the  sound  speed  field  be  ignored 
to  advantage  for  some  approximations  of  the  wave  equation  but  not  ignored 
for  other  approximations? 

When  a  finely  structured  sound  speed  field  is  modelled  as  a  smoothed 
function,  we  find  that  ray  approximations  might  yield  more  accurate  travel 
times  for  the  propagation  time  in  the  real  medium  than  more  computation¬ 
ally  intensive  solutions  such  as  based  on  the  exact  wave  equation  or  based  on 
parabolic  or  normal  mode  approxi  mat  ions.  Using  ray  theory'  with  a  smoothed 
sound  speed  profile  implies  (i)  diffractioo  effects  are  neglected,  and  (ii)  the 
effects  of  the  fine  structure  are  ignored  In  turn,  using  any  *exact*  method 
for  solving  the  wave  equation,  such  as  via  normal  modes,  often  means  us¬ 
ing  the  latter  approximatioa  only.  'Exact*  methods,  when  applied  to  a 
smoothed  media,  may  overestimate  the  effects  of  diffraction  on  travel  times, 
as  compared  to  a  structured  medium,  and  therefore  may  be  less  accurate, 
than  ray  theory.  Understanding  our  finding  relies  on  understanding  the  role 
of  diffraction  on  the  delay  of  an  acoustic  pulse. 

Classical  ray  theory  does  not  include  the  effects  of  diffraction.  Because 
diffraction  affects  each  constituent  wavelength  of  a  pulse  in  a  different  man 
ner,  diffraction  changes  the  propagation  delay  of  a  pulse.  For  example,  con¬ 
sider  a  wave  packet  which  is  propagating  toward  a  narrow  opening  along 
an  otherwise  impenetrable  boundary.  If  the  opening  is  large  compared  with 
the  wavelengths  making  up  the  packet,  then  diffraclioo  is  oegligibk  and  the 
travel  time  will  be  cloae  to  that  given  by  ray  theory  If  the  opening  size  is 
of  the  tame  or  smaller  sise  than  any  of  the  wavelengths  in  the  pulse,  then 
diffraction  will  modify  the  wave  field  for  each  wavelength  on  the  far  side 
of  the  opening.  After  each  coostituent  wavelength  is  Fourier  transformed 
into  the  time  (kHuain.  the  pube  shape  and  delay  may  change  compared  to 
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tiiAt  |>fedict«d  from  rmyt.  WbetjMr  diffractive  effects  are  significAnt  depends 
on  the  fAtio  of  foometricAl,  sound  speed,  and  (dcusing  regkm  tcAks  to  the 
Acottftk  VAvefeogths. 

Our  work  on  this  probfem  is  based  on  an  ooeaiMgraphic  appUcalion.  To 
nap  chmatic  chanfcs  in  the  ocean’s  temperature  with  acoustk  tomography,* 
it  is  necessary  to  cooq^ote  the  travel  times  of  pdscs  from  a  reference  heid  of 
sound  speed.  The  corresponding  ttkttnce  travel  tiroes  are  compared  with 
mmsured  travel  tiroro  and  their  differences  are  used  to  modify  the  referenor 
field  using  tomography.’  How  important  is  diffraction  in  this  applicatkm? 
The  two  obvious  scales  to  consider  are  the  depth  of  the  ocean,  and  the  ver- 
tkai  scale  of  the  sound  speed  duct.  In  additioo.  wave  packets  from  a  source 
undergo  focusing  in  the  soitnd  speed  duct,  thus  creating  a  third  geometrical 
scale  associated  with  the  dtmensioos  of  foettsing  regioos.  In  the  deep  ocean, 
the  first  two  scales  are  about  1  km  or  greater,  so  diffraction  can  be  ignmed 
(or  acoustk  wavelengths  much  less  than  1  km  or  equivalently  for  acoustic 
frequertcies  much  greater  than  (1.5  km  s'*)/!  km*  1.5  Hs.  The  dinnentions 
of  focusing  regioos  depend  on  the  central  (rcqueocy  of  the  pulse  and  on  the 
scattering  of  the  sound  from  fine  structure  in  the  ocean.  Since  frequencies 
used  in  acoustk  tomography  to  date*'’**-’-*  are  much  greater  than  1.5  Hr, 
the  ditnensioos  c4  the  focusing  regioos  are  probably  the  key  scales  controlling 
diffraction  in  our  appikatkm.  When  scattering  effects  are  small,  iben  focus¬ 
ing  regioos  may  be  on  the  order  of  a  wavelength  and  diffracUon  is  important 
to  coMider  When  scattering  proceeses  blur  out  the  spatial  scales  focusing 
regioos.  then  diffraction  may  not  affect  the  travel  tiroes  much. 

At  present,  no  definitive  theory  or  experiment  allows  us  to  reliahiy  predict 
the  dtmensioQs  of  (ocusmg  regioos  (or  acoustk  pulses  in  the  ocean.  For 
acoustk  pulses  between  100  and  300  Ht  and  distances  between  3000  and 
4000  km.  experiments  suggest  that  caustks  are  blurred  out  over  much  greater 
scales  than  the  amustk  wavdeogths  due  to  scattering  from  fine  structure.^ 
Effects  of  diffraction  should  iben  be  troaU  and  ray  ibeory  could  provide  an 
accurate  method  to  predict  travel  timet  using  a  smoothed  sound  speed  field. 

Given  a  smoothed  model  of  sound  speed  in  the  cKcaa,  travd  times  from 
ray  theory  differ  from  exact  sdutioos  of  the  wave  equaiioo  by  iocreasiag 
amounts  as  the  center  frequency  dccreeses  At  a  cento'  frequency  50  Hx 
and  a  <fistan<x  ol  4000  km.  the  difference  is  about  0.1  s.*  We  aacribe  this 
^fifference  to  diffractioo  which  is  not  present  in  ray  theory  but  is  presmt  in 
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exact  golutioos  of  wave  equation.  Thii  diacrepaocy  does  not  mean  that 
ray  tbeMy  should  not  be  used  in  tomography  expenments.  Rather,  we  have 
to  consider  effects  of  both  smoothing  the  sound  speed  field  and  diffraction. 
Diffraction  may  not  effect  travel  times  considerably  in  a  structured  medium. 
Thercfwe,  ray  theory,  which  neglects  diffraction,  may  provide  good  estimates 
for  travel  times  when  the  sound  speed  field  is  smoothed.  Solutions  to  the 
wave  equation  cemtaining  diffractive  effects  could  provide  accurate  estimates 
of  the  travel  time  if  a  smoothed  model  of  sound  speed  ts  not  used. 

There  are  other  causes  for  errors  in  predicted  travel  times  unrelated  to 
the  effects  of  diffraction*  '®-.'*  They  are  not  discussed  further  in  this  paper. 

II.  ANALYTICAL  FORMULATION 

In  this  section  an  analytical  formulation  is  presented  for  the  travel  times 
of  acoustic  pulses  in  the  ocean  accounting  for  diffraction.  Diffraction  affects 
travel  times,  and  this  effect  may  be  significant  at  low  acoustic  frequency. 

We  start  fiom  the  wave  equaiton  for  the  pressure  field  ^(r,  t), 

c>(OV>J>(f.()  -  -  0.  (1) 

where  c(i0  is  the  sound  speed  in  the  inhomogeneous  oc«ui,  and  the  variables 
t  and  f  denote  time  and  position  respectively.  Tbe  sound  speed  is  assumed 
to  not  depend  on  time.  Tbe  ray  approach  to  tbe  solution  of  (1 )  is  to  separate 
fast  and  slow  variables  assuming  that  wavelengths  are  short  compared  with 
the  characteristic  scale  of  inbrnnogeneity  in  the  medium. In  order  to  use 
this  approximation,  we  seek  a  solutkm  in  tbe  form. 

F(r.t)«  y^Po(f,ji^)exp(i^t<’)exp(~iwf),  (2) 

where  l^  'tsu  slowly  varying  ootqplex  hinctioo  of  f  and  depends  on  frequency 
w,  and  Co  »  a  constant  of  order  ol  the  sound  speed,  introduced  for  con- 
venieoce.  The  exponents  in  (2)  are  assumed  to  vary  much  faster  than  Pq. 
Substitution  of  (2)  into  (1)  ykd^. 

c»V*/*o  4  +  2ic»^Po  - 
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Equation  (2)  lus  two  unknown  functions,  0  and  Fo,  describing  the  pres¬ 
sure  field  P.  One  of  these  functions  can  be  chosen  arbitrarily  for  simplicity, 
so  that  the  other  one  is  determined  by  equation  (2).  We  note  that  for  large 
frequencies,  the  two  terms  containing  itP  in  the  left  hand  side  of  (2)  are  dom¬ 
inant.  Therefore,  it  is  convenient  to  choose  ^  in  such  a  way  that  these  two 
large  terms  cancel  out, 

=  (4) 

This  is  the  eiconal  equation  for  the  wave  phase.*^  A  solution  of  (4),  ray 
paths,  can  be  obtained  by  the  method  of  characteristics.*^  We  introduce  a 
curve  in  space  r  (r)  which  is  parametrically  described  by  the  equation, 

drlr)  a£)(a,r-) 

Tr - W~' 

where  X  «  is  the  dimenskmless  wave  vector,  r  is  a  parameter,  and 
D{X,f)  *  (i )*  *’  ^  ^  ^  ••‘1*  of  (^)-  The  equation, 

DiX  ,w)  s  0,  is  the  dispersion  rdation  describing  the  local  wave  parame¬ 
ters.  Since  the  integral  of  a  along  the  ray  trajectory  is  linked  to  the  phase 
of  P,  a  simple  w«y  to  understand  the  physical  meaning  of  the  quantity  ic  is 
to  link  it  to  the  local  value  of  the  wave  vector  a  s  The  wave  energy 
propagates  along  f  (r).  Since  D  is  identically  equal  to  sero  for  all  f1(r),  the 
full  d«rivative  of  D  with  respect  to  r  must  be  identically  equal  to  zero.  This 
conditkm  yidds  the  equation  for  a, 

d;f(r)  di?(a.r-) 

i; - w~- 

Equations  (5),  (6)  determine  the  value  of  a  in  the  illuminated  region.  Inte¬ 
gration  of  af  along  a  ray  trajectory  determines  the  phase,  0(f). 

The  solution  for  a  and  0,  given  by  ray  theory,  can  be  substituted  in  (3) 
to  determine  Po, 

^Po  ' «  +  “Podiv  a  -  ^ V’Po  =  0.  (7) 

2 

After  solving  (7)  with  respect  to  Po(r,w)y  we  perform  the  inverse  Fourier 
transform  to  determine  the  pressure  field  in  the  time  domain  at  any  point  in 
the  illuminated  region. 
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A.  Travel  time  of  acoustic  pulses  at  the  limit  of  high 
frequencies 

Equation  (7)  is  solved  in  the  limit  of  high  frequencies  a;  — »  oo.  In  this 
case  we  neglect  the  term  on  the  left  hand  side  of  (7).  Using  the  identity, 
where  s  is  the  distance  along  the  ray,  the  hi?h  frequency 
limit  of  equation  (7)  is  reduced  to  an  ordinary  differential  e  on  for  Po 
along  the  ray, 

dPo  1  n  !•  -  /o\ 

=  ~;r:^odiv/c.  (8) 


ds 
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The  solution  of  (8)  is. 


where  the  subscript  g  denotes  that  >>  calculated  in  the  geometrical 

ray  limit  u;  oo,  and  P«(so,u;)  is  the  value  of  the  Fourier  component  of  the 
pressure  field  at  some  given  point  so  along  the  ray  trajectory.  We  assume 
that  the  point  so  lies  close  to  the  source,  so  that  P,(so,u;)  is  the  Fourier 
transform  of  the  pressure  impulse  created  by  the  source. 

The  most  important  feature  in  (9)  is  that  the  dependence  of  P,  on  u)  is 
in  the  same  form  at  any  point  along  the  ray  trajectory  due  to  the  fact  that 
K  does  not  depend  on  u>  (see  equations  (5),  (6)  for  k).  The  only  effect  of  the 
position  of  the  observation  point,  s,  is  the  exponent  in  (9)  which  does  not 
depend  on  frequency  and  can  be  viewed  as  a  focusing  factor  governing  the 
amplitude  of  the  wave.  Therefore,  upon  substitution  of  P,  into  the  formula 
for  the  inverse  Fourier  transform  we  get. 


(10) 

The  integral  in  (10)  is  similar  to  that  of  the  inverse  Fourier  transform  of 
the  pulse  at  s  s  sq,  with  time  shifted  by  T  s  Therefore,  the  shape  of 
the  acoustic  prilse  does  not  change  along  the  ray,  and  the  travel  time  of  the 
acoustic  pulse  is, 


T 


Co  Co  Jh 


(11) 
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In  h  locally  isotropic  media  the  infinitesimal  element  of  the  ray  trajectory, 
ds,  is  always  parallel  to  m  so  at  any  given  point  the  ray  propagates  in  the 
direction  of  the  wave  vector.  Substituting  the  expression  for  k  from  the 
dispersion  equation,  0,  we  get, 


ds 

c{f{s)y 


(12) 


This  is  a  classic  formula  for  the  travel  time  of  an  acoustic  pulse.  The 
treatment  of  this  section  allows  us  to  pinpoint  the  approximations  used  in 
the  derivation  of  (12).  We  neglected  the  last  term  in  (7),  which  is  a  good 
approximation  at  high  frequencies.  In  the  next  section,  we  investigate  how 
this  last  term  influences  pulse  delay. 


B.  TV'avel  time  of  acoustic  pulses  at  finite  frequencies 

The  case  of  finite  frequency  is  more  complicated  and  in  some  respects 
more  interesting.  If  we  do  not  neglect  the  term  in  the  left  hand  side  of 
(7),  the  solution  for  the  focusing  factor  for  /’o(<%u>)  will  depend  on  frequency 
in  contrast  to  the  case  of  geometric  rays.  As  a  result  of  the  dependence  of 
the  focusing  factor  on  w,  the  shape  of  the  acoustic  p\ilse  at  the  receiver  will 
be  different  from  that  at  the  source.  Moreover,  there  may  be  a  change  in  the 
travel  time  of  an  acoustic  pulse  associated  with  the  effect  of  finite  frequencies. 

Qualitatively,  we  can  understand  the  change  in  the  travel  time  by  consid¬ 
ering  the  propagation  of  an  acoustic  wave  in  a  rectangular  waveguide  with 
the  refractive  index  constant  and  with  purely  reflecting  walls.*’  In  this  case, 
the  bounded  transverse  structure  of  the  wave  packet  is  equivalent  to  the  ex¬ 
istence  of  a  transverse  component  of  the  wave  vector  kx  ^  ^  where  L  is  the 
width  of  the  waveguide,  and  e  1  is  a  constant.  Since  the  total  magnitude 
of  the  wave  vector,  k  s  is  determined  by  the  refractive  index  of  the  media, 
the  parallel  component  of  the  wave  vector, 

*•=7  {>-(£)?■  <■’> 

has  a  slightly  different  value  from  that  of  the  case  of  propagation  in  a  free 
media.  Therefore,  the  transverse  structure  of  the  wave  packet  results  in  a 
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dispersion  for  the  parallel  component  of  the  wave  vector.  This  dispersion  is 
not  due  to  the  medium,  but  is  due  to  geometrical  constraints.  Since  the  group 
velocity  of  the  wave  packet  is  determined  by  its  dispersion,  the  geometrical 
constraints  of  the  wave  guide  change  the  travel  time  of  an  acoustic  pulse  by 
AT  as  compared  to  a  free  medium. 


The  change  in  the  parallel  component  of  the  wave  speed  depends  on  the  wave 
frequency.  In  contrast,  travel  time  evaluated  from  ray  theory  is  independent 
of  frequency  and  is  computed  by  dividing  the  distance  between  the  source 
and  receiver  by  the  sound  speed  in  the  wave  guide.  The  error  in  travel  time 
from  the  ray  theory  decreases  for  large  ui  and  for  large  L. 

It  is  understandable  that  this  geometric  effect  also  manifests  itself  for 
sound  which  propagates  in  the  ocean’s  sound  channel.  To  demonstrate  this, 
equation  (7)  is  integrated  exactly  and  yields. 


Po(a,w)  =  P,(s,w) 


«  P.iM  )  ’ 


(15) 


where  P,  is  defined  by  (9),  and  constants  of  integration  are  chosen  in  a  way 
that  Po  reduces  to  P,  in  the  limit  w  oo  or  s  — »  Sq.  For  large  enough 
ur  and  limited  values  of  the  integral  in  (15)  we  treat  the  u;*dependent  term 
as  a  perturbation,  and  use  an  iteration  technique  to  find  the  asymptotic 
expansion  of  Pq  with  respect  to  powers  of  the  small  parameter  K  As  stated 
above,  the  zero  order  approximation,  i.e.,  one  corresponding  to  ^  »  0,  is 

Po  »  P/.  In  order  to  find  the  next  approximation  to  Pq,  we  substitute  the 
zero  order  approximation  in  the  right  hand  side  of  (15)  to  get. 


Po(s,w)  c-  P,(s,u;) 


\  2t^J^  K  P,(^w)  )’ 


(16) 


This  approximation  is  valid  if  the  integral  is  small  compared  to  unity.  Ef¬ 
fectively,  it  means  that  two  conditions  roust  be  met:  (1)  the  frequency  u  is 
sufficiently  high;  and  (2)  the  int^al  itself  is  not  prohibitively  large.  If  we 
define  a  new  variable  6  as, 


CO 

"  *  2  a  P,{M  ' 


(17) 
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the  criterion  for  the  validity  of  the  perturbation  technique  is, 

^  <  1.  (18) 

Though  the  perturbation  technique  has  limited  applicability,  it  provides  a 
qualitative  insight  of  the  phenomena. 

Throughout  this  section  we  assimw  that  the  integration  in  (16)  is  per¬ 
formed  over  a  relatively  small  extent  of  the  ray  trajectory,  so  that  the  absolute 
value  of  the  integral  is  small,  and  (18)  is  valid.  Equation  (16)  can  then  be 
rewritten  in  the  form  which  simplifies  further  treatnoent, 

Po(s,4j)~P,(s,w)exp^^j.  (19) 

In  order  to  estimate  the  travel  time  of  acoustic  pulses,  we  substitute  this 
solution  into  the  formula  for  the  inverse  Fourier  transform.  For  the  sake  of 
simplicity,  the  initial  acoustic  pulse  is  assumed  to  have  a  Gaussian  envelope 
and  a  narrow  spectrum  centered  at  iiequency  uaq, 

P(«„,w)  =  7>«p  .  (20) 

where  Au;  is  the  bandwidth  of  the  spectrum.  Upon  substitution  of  (20)  and 
(19)  in  (2)  we  get 

V{s,t)  dwexp  exp(t^^  -  tu;t)exp  .  (21) 

If  the  spectrum  of  the  initial  pulse  is  narrow  (i.e,  for  small  Aw),  the  argument 
of  the  exponent  is  a  fast  varying  function  of  u>.  It  allows  us  to  estimate  (21) 
by  the  method  of  stationary  phase.*’  This  method  yields  the  value  of  the 
int^al  for  the  pressure, 

P(s,<)  s  constAw’exp  [two  -I- x 

(Appendix  A).  The  first  exponent  corresponds  to  oscillations  of  pressure  at 
the  center  frequency  wu  of  the  initial  pulse.  The  second  exponent  determines 
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the  shape  of  the  pulse  and  the  time  of  its  an  val.  The  maximum  amplitude 
occurs  at  the  time, 


0  6 
Co 


(23) 


Note  that  the  time  of  arrival,  defined  as  the  time  of  the  maximum  amplitude, 
is  changed  as  compared  to  the  case  oo  by  the  amount  ST  —  where 
6  is  defined  by  (17).  The  change  in  the  time  of  arrival  of  the  pulse  is  inversely 
proportional  to  the  square  of  the  center  frequency.  The  change  in  the  travel 
time  originates  from  the  second-derivative  term  in  (3),  which  describes  the 
diffraction  of  acoustic  waves.  Qualitatively,  the  change  in  the  travel  time  is 
associated  with  leakage  of  the  wave  energy  between  adjacent  rays,  so  that 
at  the  observation  point  there  is  interference  of  waves  coming  from  different 
directions. 

An  important  feature  of  (23)  is  that  the  relative  change  in  the  travel  time 
is  of  order. 


where, 


is  the  characteristic  dimension  of  the  spatial  distribution  of  the  pressure  held. 
The  form  for  the  fractional  change  in  travel  time  is  similar  to  that  for  the  wave 
guide,  as  given  by  equation  (14).  The  width  of  the  wave  guide  is  analogous 
to  the  characteristic  dimension  of  the  spatial  distribution  of  the  pressure  field 
envelope,  Pg.  In  the  case  of  large  L,  or  equivalently,  a  smooth  distribution 
of  the  pressure  field,  the  derivatives  from  Pg  are  small,  providing  that  values 
of  S  are  small.  Then  ray  tracing  yields  accurate  estimates  for  the  delay  of  a 
pulse.  The  main  contribution  to  the  integral  in  (15)  is  near  regions  of  large 
curvattire  of  the  pressure  field  envelope  ^ong  the  ray  trajectory.  Typically, 
these  are  focusing  regions  or  regions  of  rapid  variations  in  the  sound  speed 
near  the  ocean’s  surface.  We  believe  that  it  is  this  effect  which  manifested 
itself  in  the  comparison  of  travel  times  computed  by  the  ray  method  and  the 
normal  mode  method.* 
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C.  Maximum  change  in  travel  time  per  focusing  re> 
gion. 

Phase  shifts  in  the  form  of  (19)  are  inversely  proportional  to  the  wave 
frequency  u>.  In  the  derivation  of  (19),  we  implicitly  assume  that  has  a 
finite  limit  when  u  -*  oo.  While  this  is  a  valid  assumption  for  extents  of  the 
ray  curve  in  regions  of  a  smooth  spatial  variation  of  Pq,  it  may  be  not  valid 
near  focusing  re^ons.  The  smallest  possible  dimension  of  a  focusing  region 
is  of  order  of  the  wavelength,  so  the  diffraction  term  may  be  as  large 

as  ^ .  Thus  may  not  have  a  finite  limit  when  u;  —»  oo,  since  A  — »  0. 
In  this  case,  the  integration  distance  may  be  estimated  as  (s  —  sq)  A,  and 
the  upper  limit  for  the  phase  difference  acquired  during  one  pass  through  a 
focusing  region  due  to  diffraction  can  be  estimated  as  (see  (15)) 


fd(V^Po{Cu;)  1 
2ljL  K  P,(e,w)  "'2  • 


(26) 


Note  that  this  order  of  magnitude  estimate  docs  not  exhibit  the  dependence 
on  frequency  which  is  characteristic  of  (19).  Comprehensive  study  of  diffrac¬ 
tion  at  focusing  regions  is  difficult  due  to  the  fact  that  location  and  structure 
of  focusing  regions  depend  on  frequency  in  a  complicated  way.*^  Appendix 
B  gives  detailed  estimates  of  the  phase  shift  due  to  diffraction  at  a  focus¬ 
ing  region.  Formula  (26)  is  the  order  of  magnitude  estimate  only,  so  that 
phase  shifts  from  different  focusing  regions  may  have  different  values  and 
signs  which  sum  constructively  or  destructively  as  the  ray  passes  through 
the  focusing  regions. 

During  its  propagation  over  thousands  of  kilometers,  the  acoustic  wave 
packet  encounters  as  many  as  TV  1(P  focusing  regions.  We  assume  that 
the  coherence  length  for  acoustic  waves  is  larger  or  of  the  same  order  as  the 
propagation  distance.**  Then  the  maximum  total  phase  shift  accumulation 
due  to  constructive  interference  is  ^1(F  radians  at  each  frequency. 

After  an  inverse  Fourier  transform,  phase  shifts  transfer  to  a  change  in  a  travel 
time  of  about  AT  ^  ~  100  ms  at  *70  Hz.  This  is  the  upper  limit 
estisoate,  based  on  the  assumption  that  focusing  regions  have  the  smallest 
powible  spatial  dinmisions  A. 

Ran<fr>m  fluctuations  affect  the  i^metrical  structure  of  the  focusing  re¬ 
gions,  so  that  such  regions  are  "blurred'’  as  compared  to  an  ideal  model. 
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In  this  case,  we  can  expect  less  sharp  maxima  of  the  wave  intensity  at  the 
focusing  region,  and  smaller  values  of  the  second  derivative  term  in 

(15).  Therefore,  larger  dimensions  of  focusing  regions  should  result  in  smaller 
effects  from  diffraction. 


III.  Scale  of  focusing  regions  and  travel  times 


The  spatial  extent  of  a  focusing  region  has  a  dominant  influence  on  the 
manifestation  of  pulse  delay  due  to  diffraction.  This  is  illustrated  analytically 
by  enlarging  the  size  of  a  focusing  region  by  increasing  the  size  of  an  acous¬ 
tic  source.  Given  a  sound  speed  profile,  the  medium  creates  images  of  the 
source,  and  larger  dimensions  of  the  source  correspond  to  larger  dimensions 
of  focusing  regions. 

The  wave  equation,  (1),  is  solved  for  a  specific  sound  speed  Reid, 


(27) 


Though  this  field  is  unrealistic,  it  allows  an  analytical  treatment  of  the  prob¬ 
lem.  In  (27),  Zh  is  the  depth  of  the  minimum  of  the  sound  speed  profile.  The 
Fourier  transform  of  (1)  is  taken  with  respect  to  t. 


V’F(r-,w)-».;|5^P(f',u;)  =  0.  (28) 

c'{z) 

The  general  solution  of  (28)  can  be  represented  via  expansion  over  the  normal 
inodes  (see  Appendix  C), 


where  is  the  Hankel  function  of  the  first  kind  of  zero  order,  9  =  •y'~^{z  - 

2»),  7  as  Hn(0)  are  Hermitian  polynomials,  and  is  the  horizontal 

component  of  the  wave  vector  for  the  n-th  mode  given  by  (C6).  Coefficients 
of  the  expansion  Cn  are  determined  by  the  source  and/or  by  boundary  con¬ 
ditions  (Appendix  C). 
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We  usiune  that  the  acoustic  wave  is  created  by  a  source  of  small,  but 
hnite  dimensions,  centred  at  the  minimum  of  the  sound  speed  profile,  i.e., 
at  z  s  zs.  The  pressure  field  created  by  a  small  source  has  regularly  spaced 
focusing  regions.  The  inhomogeneous  media  effectively  acts  as  a  lens,  creating 
"images'*  of  the  source.  At  lugh  frequencies,  the  "images"  of  the  source  at 
focusing  regions  have  approximately  the  same  shape  and  dimensions  as  the 
source  (Appendix  C).  At  lower  frequencies  these  "images”  are  imperfect, 
because  of  diffraction. 

For  small  r,  we  assume  that  the  pressure  field  has  a  Gaussian  profile, 


implying  that  the  scale  of  the  source  is  a,.  For  small  dimensions  of  the  source, 
one  has  to  take  into  account  large  numbers  of  terms  in  the  normal  mode  ex¬ 
pansion  (Appendix  C).  In  the  high-frequency  approximation,  the  dependence 
of  the  pressure  field  P  on  r  along  the  sound  channel  axis  is  characterized  by 
periodically  spaced  minima  and  maxima.  The  latter  correspond  to  focusing 
regions  (Appendix  C). 

We  evaluate  (29)  numerically.  Figure  1  shows  the  magnitude  of  P  as  a 
function  of  range  along  the  line  z  »  z^  for  /  s  70  Hz  and  for  a  source  of  size 
o,  2=  30  m.  Figure  2  shows  the  same  quantity  for  o,  60  m.  The  maxima 
in  the  middle  of  the  plots  correspond  to  the  focusing  region  at  r  defined  by 
(C14)  with  m  s  30.  Note  that  the  curve  corresponding  to  the  smaller  source 
has  more  sharp  features  with  small  scale  oscillations,  and  we  expect  larger 
effects  anodated  with  diffraction.  Since  the  expansion  converges  very  slowly 
for  r  corresponding  to  focusing  regions,  we  limit  our  numerical  calculations 
of  the  diffraction  effects  for  r  lying  in  between  focusing  regions,  as  defined  by 
(€15).  We  compare  the  value  of  P  to  that  in  the  approximation  w  — »  oo  (as 
defined  by  (Cl2)).  Figure  3  shows  the  ratio  P  s  ^  ,  where  P  is  evaluated 
using  the  exact  formulas  for  and  P,  is  calculated  in  the  limit  of  large 
u;,when  (C12)  holds.  For  this  calculation  we  choose  r  ~  2140  km,  which 
cmresponds  to  m  «  30  in  (015).  For  frequencies  less  than  <^140  Hz,  the 
Fourier  component  of  the  pressure  field  is  different  from  that  calculated  in 
the  high  frequency  limit,  and  the  ratio  R  is  not  close  to  1.  For  a  larger 
source  size  <r,  k  60  m,  diffraction  might  be  neclecteds  for  /  >  70  Hz. 
Thus,  diffraction  effects  are  less  for  large  sizes  of  acoustic  sources. 


13 


In  Figure  3  and  4,  diffraction  effects  can  be  modeled  by  multiplying  P 
by  an  oscillating  function  of  frequency,  W,  which  can  be  roughly  represented 
as, 

cs  1  +  x(‘*')exp(n7u;).  (31) 

If  we  assume  that  the  acoustic  pulse  has  a  Gaussian  shape,  we  can  get  a 
rough  estimate  for  the  change  in  the  travel  time  associated  with  diffraction, 

AT  ~  x(‘^)»7-  (32) 

Estimating  graphically  from  Figure  3, 

X  ~  0.5, 

T]  ~  0.15  s/rad, 

for  /  *  70  Hz,  we  get  AT  120  ms  for  =  30  m.  For  larger  dimensions  of 
the  source  (see  Figure  4),  we  estimate 

X  0.08, 

>7  0.15  s/rad, 

and  the  effect  at  /  »  70  Hz  is  only  AT  ^^20  ms. 

Figure  5  shows  the  estimate  for  AT,  from  (32),  as  a  function  of  frequency 
for  Oj  =  30  m.  For  comparison,  drcl^-s  show  the  change  in  travel  time 
obtained  in  the  numerical  experiment  by  Boden,  et  al.*  at  the  range  r  =2000 
kro.  There  is  no  quantitative  agreement  between  the  results  of  Boden  et 
al.*  and  those  of  this  section,  due  to  the  fact  that  we  used  a  different  model 
for  the  sound  speed  field.  However,  the  change  in  travel  time,  AT,  has  the 
same  order  of  magnitude  and  exhibits  the  same  behavior  with  frequency 
{AT  as  that  in  the  numerical  experiment.  We  also  note  that  AT 

is  predicted  to  be  proportional  to  range  for  smoothed  sound  speed  profiles. 
This  is  consistent  with  the  numerical  experiments  conducted  by  Bod«t  et 
al..» 


IV.  CONCLUSIONS 

As  was  shown  earlier,*  travel  tiroes  of  acoustic  pulses  modelled  by  ray 
tracing  and  normal  modes  are  different,  the  different  being  larger  at  lower 
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frequencies.  Note  that  numerical  experiments  in  Boden,  et  al.®  were  per¬ 
formed  in  a  smooth  sound  speed  field.  For  smooth  sound  speed  profiles, 
diffraction  effects  at  focusing  regions  may  be  strong  enough  to  cause  changes 
in  travel  time  by  tens  or  hundreds  of  milliseconds  for  frequencies  /  <100  Hz. 
Our  estimates  for  diffraction  suggest  that  the  change  in  travel  time  rapidly 
decreases  with  frequency,  typically  AT  ~  u>~*,  and  linearly  increase  with 
range  r  (Figure  5). 

The  perturbation  to  the  travel  times  associated  with  diffraction  is  de¬ 
termined  by  the  small-scale  details  of  the  geometrical  structure  of  the  wave 
pressure  field,  in  particular  in  the  vicinity  of  focusing  regions.  Therefore,  ran¬ 
dom  fluctuations  of  the  sound  speed  may  determine  the  numerical  value  of 
the  diffraction- associated  changes  of  the  travel  times.  This  uncertainty  of  the 
travel  times  is  not  associated  with  a  method  of  acoustic  modeling,  e.g.,  ray¬ 
tracing,  or  normal  mode  expansion,  and  is  intrinsic  to  the  sound  speed  model 
and  to  the  level  of  fluctuations.  If  focusing  regions  are  blurred  by  random 
fluctuations,  so  that  their  dimensions  are  larger  than  in  smoothed  models  of 
the  sound  speed,  the  effect  of  diffraction  on  the  travel  times  diminishes. 

The  normal  mode  method  and  parabolic  approximation  account  for  diffrac¬ 
tion.  Their  applicability  is  not  restricted  to  high  frequencies.  Therefore,  if 
the  fine  spatial  structure  of  the  sound  speed  field  was  given,  these  methods 
might  provide  the  most  accurate  estimate  for  the  travel  times  of  acoustic 
oulses.  However,  diffraction  effects  considered  above  are  extremely  sensitive 
to  small  scale  features  of  the  wave  packet  structure  in  the  vicinity  of  focus¬ 
ing  regions.  Our  ability  to  estimate  travel  time  perturbations  is  necessarily 
restricted  by  the  lack  of  knowledge  of  the  wave  magnitude  disiribution  in 
the  vicinity  of  focusing  regions.  In  the  ocean,  the  sound  speed  field  has 
fine  structure,  which  potentially  results  in  the  blurring  of  focusing  regions. 
Under  these  circumstances,  the  normal  mode  and  parabolic  approximation 
methods  overestimate  the  perturbations  to  the  travel  times,  when  applied  to 
smoothed  sound  speed  profiles.  In  contrast,  the  ray  tracing  method,  which 
ignores  diffraction,  may  give  a  more  accurate  estimate  for  measured  travel 
times. 

We  expect,  that  if  the  numerical  comparison  between  the  normal  mode 
method  and  ray  theory  in  Boden,  et  al.*  was  made  in  a  structured  ocean, 
the  agreement  between  these  two  methods  might  have  been  better  than  that 
in  a  smooth  sound  speed  profile.’**  In  the  future,  theoretical  and  numeri- 
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cal  studies  are  required  for  estimating  the  spatial  scales  of  focusing  regions. 
Experimentally,  effects  of  diffraction  on  travel  times  might  be  detected  by 
simultaneously  trazuimitting  acoustic  pulses  at  different  center  frequencies 
along  the  same  path,  using  the  same  source  and  receiver.  The  measured 
difference  in  travel  times  at  different  frequencies  may  also  serve  as  a  tool  for 
estimating  the  spatial  dimensions  of  focusing  regions  in  the  ocean. 
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Appendix  A.  Integration  by  the  Method  of  Station¬ 
ary  Phase 


The  method  of  stAtionary  phase  is  useful  for  estimating  integrals  in  the 
form, 

/+00 

«L»exp(/{u>))j(u>), 

where  /(u>)is  a  fast  varying  function  of  u>.  FVom  (21),  we  choose, 


,,  ,  (w  —  .  u;  ,  .  ^  iS 

/(w)  = - — —  +  »— 0  -  +  — , 

Cd  u; 


(Al) 


jy(u;)  =  1. 

The  equation  for  the  point  of  the  stationary  phase  is  obtained  by  differenti¬ 
ating  (AI)  with  respect  to  u;. 


U>  =  Mo  + 


iAm’ 

2 


(A2) 


In  the  approximation  of  narrow  band  signals  (small  Am),  the  solution  of 
(A2)  is  obtained  by  a  perturbation  method,  substituting  the  lowest  order 
approximation  m  s  mq  in  the  right  hand  side  of  (A2), 


M  2:mo  + 


(A3) 


With  the  point  of  the  stationary  phase  defined  by  (A3),  the  stationary  phase 
approximation  yields  (22). 


Appendix  B.  Change  of  Wave  Phase  at  a  Focusing 
Region 

We  consider  the  travd  time  of  an  acoustic  wave  which  encounters  a  caus¬ 
tic.  Since  we  are  interested  in  the  wave  near  a  caustic,  we  expand  the  so\ind 
speed  profile  in  a  Taylor  series  and  retain  only  the  linear  term  in  the  expan¬ 
sion,*^ 

^.^(1-0.),  (Bl) 
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where  a  is  a  constant.  We  choose  the  point  s  =  0  at  the  caustic.  We  assume 
that  the  sound  speed  depends  only  on  the  depth  z  and  that  the  dependence 
of  the  pressure  on  the  coordinate  z  is  in  the  form, 

P  =  Pxii)cxp(ik,x).  (B2) 

The  equation  for  the  Fourier  transformed  pressure  field  follows  from  the 
wave  equation, 

^  +  ^(1  -  c,z)Pj.  -  klPz  =  0.  (B3) 

If  we  choose  Jb,  =  ^ ,  a  solution  of  (B3)  can  be  expressed  via  a  linear  combi¬ 
nation  of  Airy  functions  Ai  and  Bi.*^  For  the  estimates  below  we  use, 

Px  =  C(u,)(Bi(C)  +  tAi(C)),  (B4) 


where  C  does  not  depend  on  the  coordinates,  but  may  depend  on  the  fre¬ 
quency,  and  C  ~  expression  to  estimate  the  phase  shift 

associated  with  diffraction  in  the  vicinity  of  the  caustic  (compare  to  (15)  and 

(19)), 


^  r* 

2u;  K  /#((,<*;)  ’ 


(B5) 


where  s.,  are  points  on  the  ray  curve  before  and  after  the  ray  encounters 
the  caustic,  respectively. 

We  must  substitute  into  (B5)  the  slowly  varying  amplitude  Pq  as  defined 
by  (2),  where  P  in  the  left  hand  side  of  (2)  is  obtained  from  the  exact  solution 
of  the  wave  equation  which  accounts  for  diffraction.  In  contrast,  the  value  of 
Pg  in  (B5)  is  defined  by  (9)  and  is  determined  only  by  the  integral  along  the 
ray  curve.  Generally,  P  and  Pg  may  have  different  values.  In  the  derivation 
of  the  wave  field  magnitude  (15)  we  required  Po  -*  Pg  for  s  Sq.  In  this 
appendix,  we  consider  a  small  extent  of  the  ray  curve  in  the  vicinity  of  the 
caustic  s-  <  s  <  s.(.,  so  that  the  limits  of  integration  in  (B5)  can  be  viewed 
as  a  subset  of  the  limits  of  integration  in  (15).  In  (B5)  we  may  not  assume 
that  Po  -*  Pg,  since  the  exact  solution  Po  may  have  acquired  an  additional 
phase  shift  due  to  diffraction  effects  during  wave  propagation  from  so  to  s-. 
Thoefore,  throughout  this  appendix  we  will  assume  that  the  phases  of  Po 
and  Pg  are  different. 
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If  tb^e  is  more  than  one  ray  intersecting  at  a  given  point  in  the  illumi¬ 
nated  region,  we  have  to  separate  contributions  from  different  rays  in  the  full 
wave  field  P  to  determine  Pq  associated  with  each  of  these  rays.  Rigorously 
speaking,  the  pressure  field  Pj.  in  the  form  (B4)  is  formed  as  a  result  of  the 
interference  of  waves  approaching  the  caustic  and  those  which  have  already 
encoimtered  the  caustic.  However,  since  we  are  interested  in  order  of  magni¬ 
tude  estimates,  we  will  use  Px  to  calculate  Po  in  (B5),  and  will  not  estimate 
contributions  of  the  two  rays  separately.  Note  that  Px  is  linked  with  the 
pressure  field  by  equation  (B2),  while  Po  in  (B5)  is  defined  by  (2),  where  0 
must  be  determined  from  the  solution  of  the  ray  tracing  equations  (5),  (6). 
Therefore,  to  determine  Pq,  one  has  to  determine  tl?  by  solving  ray  equations. 

For  the  sound  speed  profile  used  throughout  this  section,  the  ray  tracing 
equations  may  be  derived  from  (5),  (6)  and  are  in  the  form, 


kg  —  const, 


Integration  of  these  equations  yields 


X  =  2kxT, 


(B6) 


(B7) 


which  describes  a  parabolic  trajectory  for  the  ray.  Integration  of  the  wave 
phase  expression  for  V*  yields, 


=  x  +  (B8) 

Substituting  V’  in  the  definition  of  Pq  (see  (2)),  we  estimate  Po  as, 

Po  =  Pexp  =  C(u;)(Bi(C)  +  tAi(C))exp 

Since  we  substitute  second  derivatives  of  Po  in  (B5),  we  have  to  differentiate 
(B9)  with  respect  to  z.  Omitting  some  algebra,  we  note  that  the  expres¬ 
sion  for  the  second  derivative  of  Po  has  several  terms,  one  of  them  having 
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a  singularity  in  the  vicinity  of  the  caustic  at  z  =  0.  This  term  results  from 
differentiating  the  exponent  in  (B9), 

^  (BIO) 

and  is  dominant. 

To  complete  the  evaluation  of  the  integral  in  (B5) ,  we  must  calculate  Pg 
along  the  ray  path.  The  focusing  factor  can  be  estimated  from  geometrical 
considerations,  accounting  for  the  fact  that  the  distance  between  adjacent 
trajectories  depends  on  z  as  (— z)~i.  Since  the  square  of  the  magnitude  of 
the  pressure  field  must  be  inversely  proportional  to  the  distance  between  the 
adjacent  trajectories,  we  find. 


(Bll) 

where  C,  is  a  coefficient  which  does  not  depend  on  z.  As  discussed  above, 
Pg  may  have  a  phase  different  from  that  of  Po  in  the  limit  z  — »  -oo,  but 
we  assume  that  they  are  of  the  same  order  of  magnitude,  so  that  their  ratio 
is  a  constant  U{J)  ~  1.  We  can  estimate  Cg  by  comparing  (Bll)  to  the 
asymptotics  of  the  exact  solution  (B4)  for  z  — ♦  — oo.  Substituting  standard 
expressions  for  the  asymptotics  of  Ai  and  Bi  for  z  — ►  —  oo. 


Ai(-C)  =  sin  f|C^  +  f)  , 

Bi(-C)  =  cos  (let  +  i)  , 


(B12) 


into  (B4)  and  comparing  the  result  to  (Bll),  we  obtain  for  Cg, 


C(u;) 

CM 


(B13) 


Since  the  pressure  fields  in  the  integral  of  (B5)  are  expressed  in  terms  of  z,  it 
is  convenient  to  change  the  integration  variable  from  the  element  of  the  ray 
path  i  to  z, 

~  o~i  (-^)~^  (B14) 

We  take  into  account  that  z  spans  the  same  range  values  before  and  after 
the  ray  encounters  the  caustic.  This  results  in  a  factor  of  2  multiplying  the 
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entire  expression.  Substituting  (BIO),  (Bll)  and  (B14)  into  (B5),  we  get 

AV.  ~  il/  (a^)  *  di  (-2)-5  =  21/  *  (-zo)J ,  (B15) 

where  zq  is  the  maximum  distance  from  the  caustic.  Since  depends  on 
the  one-fourth  power  of  zq,  the  result  is  not  very  sensitive  to  the  correct 
choice  of  the  limits  of  integration.  We  are  interested  in  effects  caused  by 
the  focusing  at  the  caustic.  Therefore  we  choose  zq  so  that  the  integration 
limits  cover  the  region  of  the  most  rapid  fluctuations  of  the  wave  magnitude 
and/or  phase.  They  correspond  to  |Cm«*l  1  in  the  full  solution  (B4) ,  which 

is  equivalent  to  zq  This  yields  the  following  expression  for  the 

phase  shift  of  a  wave  packet  due  to  diffraction  in  the  vicinity  of  a  caustic, 

Ai/>  -  2C/,  (B16) 

where  |C/|  1  may  depend  on  u;  and  is  determined  by  the  wave  propagation 

from  the  source  to  the  region  of  the  caustic.  This  formula  is  an  order  of 
magnitude  estimate  for  the  phase  shift  acquired  by  the  wave  at  each  focusing 
region  along  the  ray  path  due  to  diffraction. 

Appendix  C.  Normal  Mode  Solution  of  the  Wave 
Equation 

A  solution  of  (28)  is  sought  using  separation  of  variables  in  cylindrical 
coordinates, 

P  =  Z(z)X(r),  (Cl) 

where  r  is  the  radial  variable.  The  equation  for  X(r)  yields  the  equation  for 
Bessel  functions;  the  equation  for  Z{z)  yields, 

^  =  0,  (C2) 

where, 

^  -  *2,  (C3) 
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and  kx  is  the  separation  constant.  Physically,  is  the  longitudinal  compo¬ 
nent  of  the  wave  vector  for  a  given  mode.  Equation  (C2)  is  accompanied 
by  boundary  conditions,  which  we  zissume  to  be  Z[z)  — »  0  when  z  — »  ±oo. 
The  full  set  of  solutions  of  (C2)  can  be  expressed  through  the  Hermitian 
polynomials  as. 


where  6  =  —  -26)1  7  =  (^)*i  n  >  0  is  an  integer.  Eigenfunctions 

(C4)  correspond  to  eigenvalues, 


^2  _  (2n  +  l)^\u} 


(C5) 


Substitution  of  Ar,  in  (C3)  determines  the  value  of  the  horizontal  component 
of  the  wave  vector  for  the  n-th  mode, 


(2n  +  l)/9ico 


u 


(C6) 


1.  The  coefficients  for  the  normal  mode  expansion. 

The  coefficients  Cn  are  determined  by  expanding  the  pressure  field  near 
the  source.  By  integrating  the  product  of  (30)  and  eigenfunctions  (C4)  with 
respect  to  z,  we  evaluate  C„  for  even  n. 


xi2?  (f)! 


(C7) 


where. 


9  =  2 

<7  =  7~*a,. 


(C8) 


Due  to  the  important  role  that  higher  order  coefficients  Cn  play  in  the  travel 
time  of  wave  pulses,  it  is  necessary  to  investigate  the  dependence  of  Cn  on  n. 
We  assume  that  the  dimensions  of  the  source  are  small  compared  with  the 
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characteristic  scale  of  the  sound  speed  profile.  Then,  a  <  1,  9  >  1.  Normal 
modes  with  relatively  small  mode  ntunber  n  ’’feel”  the  narrow  source  as  a 
point,  while  rapidly  oscillating  high  order  normal  modes  would  "feel”  the 
source  as  a  smooth  function  of  z.  Therefore,  we  expect  a  different  behavior 
of  Cn  for  small  and  large  values  of  n.  For  small  a  we  use  the  approximation, 


_7  (£-J^ 


(C9) 


Using  Stirling’s  formula  for  n!,  we  get  an  approximate  formula  for  C„  for 
even  n  (n  0), 


Cn 


1  1 
»n« 


exp 


(CIO) 


Note  that  for  small  dimensions  of  the  source,  9  >>  1,  <  1,  the  exponential 

factor  in  (CIO)  is  close  to  1  for  not  very  large  n,  so  that  C„  decreases  very 
slowly  with  n,  namely  as  n~*.  For  sufficiently  large  n,  the  exponent  in 
(CIO)  starts  to  play  its  role,  providing  the  convergence  of  the  expansion  in 
(29).  Terms  with  n  as  large  as  n  2^  make  significant  contributions  to  the 
solution.  At  a  given  frequency,  these  higher  order  modes  have  different  the 
group  velocity  than  at  infinitely  high  frequency,  and  the  pulse  delay  is  thus 
a  function  of  frequency. 

The  recover  is  located  at  2  =  z^,  the  same  depth  as  the  center  of  the 
source.  At  high  frequencies,  u;  — »  00,  the  impulse  response  can  be  estimated 
with  rays.  The  simplest  solution  corresponds  to  a  ray  propagating  along  a 
straight  line  connecting  the  center  of  the  narrow  source  and  the  receiver.  The 
travel  time  of  the  ray  is  T  —  Other  rays,  which  have  non-zero  launch 
angle,  oscillate  around  the  plane  z  =  zt,  forming  focusing  regions  where  they 
all  arrive  at  the  same  point  after  executing  a  number  of  oscillations. 

The  same  pattern  can  be  obtiuned  from  (29).  We  use  the  asymptotic 
approximation  for  the  Hankel  function. 


^  exp  (-*>  ”  j)  ’  (Cll) 


We  also  expand  the  expression  (C6)  for  in  the  Taylor  series. 


(2n-H)/?i 

2 


(C12) 
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This  expression  is  valid  when  the  second  term  is  small  compared  to  the  first 
one,  i.e.  for  large  frequencies  and  not  very  large  n. 

Substitution  of  (Cll)  and  (Cl2)  in  (29)  yields  the  Fourier  component  of 
the  pressure  field, 


P  =  exp  exp(-tf ) 

For  points  at  2  =  zj,  (i.e.,  6  =  0)  y/e  find  that  ZQ{zb)  2^  x'i,  and  Zn(zb)  — 
(— 1)?2*  jr~in~4  for  even  n  (n  ^  0).  Depending  on  the  value  of  r,  subsequent 
terms  in  (C13)  can  either  accumulate  or  nearly  cancel  each  other.  To  show 

this,  consider  the  value  of  the  exponent  £„  =  exp  for  different 

n  and  r.  For, 

r  =  2m5r/9“i,  (Cl4) 

where  m  is  an  integer,  we  get  En+i  ~  and  subsequent  terms  add  con¬ 
structively.  In  contrast,  if, 

r  =  (2m -f  (Cl5) 

we  get  En-t-i  =  and  subsequent  terms  in  (C13)  are  subtracted  one  from 
another.  As  determined  above,  a  large  number  of  terms,  'v  2q,  make  signif¬ 
icant  contribution  to  (C13),  and  the  coefficients  of  the  expansion  decrease 
slowly  with  n  for  n  <  2q.  Therefore,  the  constructive  adding  of  all  terms  for  r 
defined  by  (Cl4)  would  form  significantly  larger  magnitudes  of  the  signal,  as 
compared  to  the  destructive  interference  if  r  is  defined  by  (CIS).  The  spatial 
distribution  of  the  pressure  magnitude  along  the  line  z  =  Zf,  has  maxima  and 
niinima  defined  by  (C14)  and  (CIS)  respectively.  The  maxima  correspond 
to  focusing  regions,  and  the  minima  correspond  to  the  points  in  between  the 
focusing  regions. 

If  we  differentiate  (C12),  we  see  that  all  modes  in  this  approximation 
have  the  same  group  velocity  c^.  However,  this  approximation  is  not  valid 
for  modes  of  higher  order.  As  we  saw  above,  modes  with  n  ~  2q  make  a 
significant  contribution  to  the  solution;  the  difference  of  the  group  velocity 
of  these  modes  from  cq  is  the  physical  phenomena  responsible  for  the  change 
in  travel  time  as  compared  to  the  ray  approximation. 
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2.  TVansverse  dimensions  of  focusing  regions 

Dimensions  of  focusing  regions  in  the  transverse  direction  z  are  estimated 
from  (Cl3),  where  we  use  z  ^  z\,  the  argument  of  Zn(z).  Since  the  co¬ 
efficients  of  (C13)  decrease  slowly  with  n,  we  assume  that  terms  with  large 
n  '^2q  make  the  main  contribution  in  (C13).  We  use  the  standard  asymp¬ 
totic  formula  for  Hennitian  polynomials**  at  large  n  to  get, 


2. (^) «  - 

Tin* 


cos 


(C16) 


We  substitute  (Cl6)  and  (CIO)  and  estimate  the  result  at  the  range  of  the 
m-th  focusing  region,  defined  by  (Cl4), 


Er«;^«p(-g)cos((5)»«). 


{C17) 


In  (C17)  we  assumed  that  depends  on  n  very  slowly,  and  that  6  <  1, 
which  corresponds  to  positions  near  the  minimum  of  the  sound  speed  profile. 
Since  individual  terms  in  (Cl7)  are  insensitive  to  n,  we  can  estimate  P{z,u) 
by  integration  instead  of  summation  with  respect  to  n.  The  resulting  integral 
for  the  profile  of  the  pressure  magnitude  at  the  range  of  the  focusing  region 
is, 

Characteristic  dimensions  of  the  focusing  region  are  therefore  defined  by 

.~4. 

qi 

which  corresponds  to  {z—z^)  i.e.  the  focusing  region  has  the  dimensions 
of  the  source. 

Glossary 

Ai,  Bi  -  The  Airy  functions 
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C{u)  amplitude  coefficient  in  (B4) 

Cg  -  the  amplitude  coefficient  in  ray  approach  (Bll) 
c(r)  -  sound  speed 

Cn  -  the  coefficients  of  the  normal  mode  expansion 
cn  -  a  constant  of  order  of  c 

D(«c,a;)  •  the  left  hand  side  of  the  dispersion  equation  (4) 
d  -  the  distance  between  caustics 

En  -  the  value  of  the  exponent  in  the  n-th  term  of  the  normal  mode  expan¬ 
sion 

/  -  frequency  (Hz) 

Hn  -  the  Hermitian  polynomials 
-  the  Hankel  function 
k  -  the  wave  vector 

kx  -  the  horizontal  component  of  the  wave  vector 

kj  -  the  vertical  component  of  the  wave  vector 

L  -  the  characteristic  spatial  scale  of  the  acoustic  wave  packet 

Le  -  the  coherence  length  Lt  -  the  total  distance  of  wave  propagation 

‘P(r,<)  -  pressure  field  of  acoustic  wave 

P(ryUj)  -  the  Fourier  transform  for 

Po(r,  u>)  -  slow  varying  amplitude  of  the  Fourier  transformed  pressure  field 
as  defined  by  (2) 

Pg  -  Po  in  the  limit  u  -*  oo 

Pt  -  Po  near  the  source  (at  s  =  so) 
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Pi.(z)  -  the  fimctioD  characterizing  the  dependence  of  the  pressure  field  on 
the  depth  in  the  vicinity  of  a  caustic 

9  -  a  parameter  defined  by  (C8) 

f  -  position 

R  P(r,u,)/P, 

s  -  the  distance  along  the  ray  curve 

So  -  a  point  near  the  source  where  Po  is  assumed  to  be  known 

s_  a  point  on  the  ray  curve  before  a  caustic 

s^  -  a  point  on  the  ray  curve  after  a  caustic 

T  -  the  travel  time  of  the  acoustic  pulse  in  the  limit  — »  oo 

Tm  -  the  travel  time  of  the  acoustic  pulse,  accounting  for  effects  of  diffraction 

t  •  time 

U  •  a  parameter,  describing  the  ratio  (defined  by  (B13)) 

W  •  the  oscillating  fimction  of  frequency  which  approximately  describes  the 
effects  of  the  finite  dimensions  of  the  source  in  (31 ) 

X(r)  -  the  function  describing  the  dependence  of  the  Fourier  transformed 
pressure  field  P  on  r  in  the  parabolic  profile 

X  -  the  range 

2  •  the  depth 

2S  *  the  depth,  corresponding  to  s.,  s^. 

2»  •  the  depth  at  which  the  parabolic  profik  has  minimum  speed  in  (27) 

Z{x)  •  the  function  describing  the  dependence  of  the  Foxirier  transformed 
pressure  field  P  on  r  in  the  parabolic  profile 
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a  -  a  parameter  describing  the  sound  speed  profile  in  the  vicinity  of  a  caustic 

(Bl) 

0  -  a,  parameter  describing  the  parabolic  sound  speed  profile  in  (27) 

7  -  a  parameter  linking  the  depth  z  and  the  dimensionless  depth  0 

6  ■  a  parameter  characterizing  the  perturbation  to  Po  due  to  diffraction,  as 
defined  by  (17) 

•  the  change  in  the  wave  phase  due  to  diffraction  effects  at  a  focusing 
region 

A^t  '  the  total  phase  difference  due  to  diffraction  effects  accumulated  over 
the  ray  path. 

Aw  •  the  spectral  width  of  the  acoustic  pulse  at  the  source 
(  •  the  dimensionless  depth, 

Tf  -  a  parameter  used  in  the  definition  of  Vi’ 

6  ■  the  dimensionless  depth  as  used  in  the  normal  mode  expansion 
K  a:  -  the  dimensionless  wave  vector 

p  -  the  level  of  fluctuations 
(  •  the  integratioo  variable 
a,  -  the  characteristic  dimension  of  the  source 
a  •  the  dimensionless  characteristic  dimension  of  the  source 
T  •  a  parameter  used  in  the  definition  of  the  ray  curve 
X  -  a  parameter  used  in  the  definition  of  Vi' 

0(w,r}  -  wave  phase  as  defined  by  (2) 

'  the  center  frequency  of  the  acoustic  pube  at  the  source 
w  •  frequency  (rad/s) 
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Figure  captions 


Figure  1.  The  magnitude  of  the  wave  amplitude  P(r,u>)  as  a  function  of 
range  r.  The  maximum  at  r  ^  2175  km  corresponds  to  a  focusing 
region.  Note  many  sharp  features  associated  with  P(r,u;).  The  values 
of  parameters  used  for  this  calculation  are:  =  70  Hz,  cq  =  1500  m/s, 
$  ss  2  X  10"*  m~i .  The  size  of  the  source  ij  <r,  =  30  m. 

Figure  2.  Same  as  Figure  1,  but  for  a  source  of  size  =  60  m. 

Figure  3.  The  relative  change  in  the  wave  spectra  ii  =  ^  due  to  diffraction 
as  a  function  of  frequency.  P  is  the  wave  pressure  including  effects  of 
diffraction.  Pg  is  the  wave  pressure  from  ray  theory  which  ignores 
diffr^c  'on.  The  values  of  parameters  used  for  this  calculation  are: 
r  SB  2140  km,  co  =  ISOO  m/s,  s=  2  x  10“®  m"i .  The  size  of  the  source 
is  <7,  ss  30  m. 

Figure  4.  Same  as  Figure  3,  but  for  a  source  of  size  cr,  s=  60  m.  Diffraction 
affects  the  spectra  at  <  70  Hz. 

Figure  5.  The  change  in  the  travel  time  of  acoustic  pulses  due  to  diffraction 
as  a  function  of  frequency  (solid  line).  Solid  circles  are  the  results  of  a 
numerical  experiment  by  Bodtn  et  off  for  2000  km  range.  The  values 
of  parameters  used  for  the  solid  line  are:  r  =  2140  km,  co  =  1500  m/s, 
^  s  2  X  10'*  m“l.  The  width  of  the  source  is  a,  =  30  m. 
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ABSTRACT 

ARGOS  satellite  communication  has  been  widely 
used  as  a  method  for  transmitting  environmental 
datta.  Today,  many  applications  utilize  this  low-orbit, 
sun-synchttmous  satellite  for  ocean  tracking 
experiments  [4].  Detecting  errors  within  the  limited 
ARGOS  bandwidth  and  understanding  the  effect  of 
the  envirorunent  and  other  variables  on  the 
transmitted  data  in  a  SSAR  drifting  buoy  are  key 
issues  discussed  in  this  pi^aer.  A  design  is  described 
that  utilizes  the  maximum  bandwidth  of  the  ARGOS 
satellite  with  minimal  loss  of  data,  hfeasured  error 
rates  from  SSAR  buoys  are  discussed,  and  strategies 
are  presented  for  optimal  retrieval.  These  strategies 
dvere  developed  and  implemented  in  the  GAMOT 
jfCHobal  Acoustic  Mapping  of  Ocean  Temperatures) 
program  [6]. 

GAMOT 

The  characterization  of  ocean  temperatures  on  a 
global  scale  can  provide  us  with  valu^le  insight  into 
climate  varial^ty  and  global  climate  change  [2].  In 
1983,  Spiesberger  demonstrated  that  the 
tenqmatuie  along  the  travel  path  could  be  drived 
from  the  measuremrat  of  travel  times  of  acoustic 
pulses  across  basin-scales  [S].  GAMOT  (Global 
Acoustic  Mapping  of  Ocean  Temperatures)  was 
prt^rosed  by  Spiesbnger  to  Advanced  Research 
Projects  Agency  (ARPA)  as  an  economical  and 
efficient  way  to  monitor  the  global  ocean  by  using 
ratononxHisly  moored  sources  and  drifting 
receivers.  Tte  prqxrsal  was  funded  ty  the  Strategic 
Environmental  Research  and  Develt^ment  Program 
(SERDP)  and  sponsored  by  ARPA. 


GAMOT  seeks  to  achieve  the  goal  of  useful  ocean 
temperature  measurements  by  developing  an 
acoustic  thermometer  that  can  be  deployed  in  the 
ocean.  This  acoustic  thermometer  is  an  instrument 
called  the  SSAR  (Surface  Suspended  Acoustic 
Receiver).  The  SSAR  is  a  drifting  receiver  in  which 
a  hydrophone  is  submersed  at  the  end  of  a  500  meter 
cable  beneath  a  freely  drifting  buoy  (see  Figure  1). 
The  SSAR  is  inexpensive,  battery  powered,  and 
designed  to  last  one  year  [7]. 


Figure  1.  Surface  Suspended  Acoustic  Receiver 
(SSAR)  transmits  con^ressed  data  to  ARGOS 
satellites. 
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The  SSAR  determines  the  arrival  of  an  acoustic 
signal  by  utilizing  an  acoustic  database  combined 
with  the  buoy  position  gathered  firom  the  Global 
itimiing  Satellites  (GPS).  Navigation  of  the 
iurface  hydrophone  array  is  accomplished  with 
an  ultra-short  baseline  acoustic  navigation  system. 
Tomography  processing  is  performed  on  the 
received  acoustic  signal  and  is  sent,  along  with  the 
GPS  and  sensor  data,  to  the  ARGOS  satellites. 


Because  of  the  amount  of  data  that  are  being  sent  to 
ARGOS  by  the  SSAR,  a  key  issue  is  the  effect  of  the 
environment  and  other  variables  on  the  transmitted 
data,  specifically  the  error  rates  that  can  be 
expected.  Another  issue  is  the  type  of  error  control 
scheme  that  is  needed  to  overcome  these  errors. 


ARGOS 


The  ARGOS  system  consists  of  two  NOAA 
satellites  in  simultaneous  low-earth  orbit.  Each 
satellite  receives  and  records,  on  a  random-access 
basis,  transmissions  from  the  platforms  that  are 
visible  during  a  pass.  The  recorded  data  are  down- 
whenever  a  satellite  passes  over  one  of  the 
stem  ground  stations. 
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VPystem 


The  general  orbit  of  the  satellite  is  polar  and  sun- 
syiKhronous.  A  summary  of  the  ARGOS  satellite 
characteristics  is  described  below  [4]: 


•General  Orbit 
•  Altitude 


•Period 
•Revs  per  Day 


>  Visibility  zone 


Circular,  Polar 
8304/- 18  Km  and 
870  +/- 18  Km 
Approximately  101  minutes 
Approximately  14  for  each 
satellite 

5000  Km  diameter  footprint 
for  a  minimum  elevation 
angle  of  5  degrees. 


SitK:e  ARGOS  is  polar-orbiting  the  number  of  daily 
passes  over  a  given  platform  increases  with  latitude. 
At  the  poles,  the  satellite  sees  all  platforms  on  each 
pass  or  28  times  a  day  [4]. 


Platforms  transmit  to  ARGOS  through  a  certified 
Platform  Transmitter  Terminal  (PTT).  Each  PTT 
outputs  a  short  message  packet  by  modulating  a 
carrier  frequency.  The  PTT  does  not  receive  any 
acknowledgment  from  the  satellite  to  indicate  that 
the  packet  was  received.  Furthermore,  the  satellite 
may  reject  the  packet  due  to  bad  sigrud  quality, 
multiple  PTT  interference,  or  satellite  receiver 
channels  being  unavailable  [9].  The  time  between 
packets  is  typically  set  to  90  seconds  for  a  drifting 
buoy  and  is  assigned  by  Service  Argos  [4].  The 
maximum  length  of  an  ARGOS  packet  is  32  bytes 
(256  bits),  also  known  as  the  packet  data.  In  order 
to  improve  the  probability  of  receiving  a  packet  and 
to  improve  the  bit  error  rate,  ARGOS  recommends 
that  you  repeat  the  packet.  The  packet  is  received 
the  satellite  when  tlw  platform  is  in  view. 

BERMUDA  EXPERIMENT 

Two  tests  were  performed  by  GAMOT  researchers 
to  monitor  the  operation  of  the  SSAR  and  to 
characterize  ARGOS  bit  errors  in  a  SSAR  buoy. 
These  tests  were  conducted  during  a  test 
deployment  of  a  SSAR  buoy  off  the  coast  of 
Bermuda  (approximate  position  33  N  63  E).  The 
data  that  were  received  by  ARGOS  were  compared 
with  the  data  that  were  sent  by  the  SSAR.  The  data 
consisted  of  approximately  120  packets  or  3840 
bytes  per  day.  The  transmission  instrument 
consisted  of  a  SmartC!at  PTT  with  a  60  second 
repetition  rate.  A  GAMOT-designed  patch  antenna 
was  used  for  the  first  Bermuda  tests,  and  a  Webb 
two  foot  whip  antenna  was  used  for  the  second  test. 

The  first  test,  lasting  four  days,  was  used  to  gather 
statistics  on  the  frequency  and  location  of  the  bit 
errors  in  an  ARGOS  packet.  This  information  is 
used  to  determine  the  type  of  error  scheme  needed 
by  the  SSAR.  Each  data  packet  used  in  this  test 
contained  a  known  data  pattern.  The  second  test, 
lasting  over  2  months,  was  used  to  determine  bit 
error  statistics  over  a  longer  duration.  B^ause  data 
packets  contained  varying  data,  an  8-bit  clMcksum 
was  used  to  determine  whether  a  bit-error  occurred 
in  the  packet. 


The  results  firom  both  tests  (see  Figure  2  and  Table 
2)  suggest  that  q)proxiinately  80  percent  of  the 
packets  received  each  day  did  not  contain  any  bit 
errors.  This  does  not  include  packets  rejected  by  the 
IGOS  satellite.  Of  important  note  is  that  in  Table 
1,  12.8%  of  the  packets  had  10  or  more  bit  errors. 
These  "burst  errors"  could  be  caused  by  the 
environment,  faulty  hardware,  or  low  signal  to  noise 
during  the  collection  of  the  data. 


Number  of 
Bit  Errors 

Percentage  of  ARGOS  Packets 

0 

80.2 

1 

2.5 

2-5 

3.0 

6-10 

1.5 

lOf 

12.8 

Table  1.  Percentage  of  ARGOS  packets  that 
contained  bit  errors  during  a  four  day  drifting  buoy 
test  off  the  coast  of  Bermuda. 


The  data  error  rate  can  be  reduced  by  utilizing 
redundancy  (i.e.  repeated  transmissions  of  the  same 
data).  If  Q  is  the  probability  that  a  packet  contains 
one  or  more  errors  on  a  single  reception,  then  the 
lility,  P,  of  obtaining  a  packet  with  no  bit 
errors  in  N  repeated  transmissions  is  given  by: 


^^one  or 
^^nobabi 
^^^errors  i 


P= l-Q" . 

Table  2  lists  P  versus  N  for  the  value  of  Q  s  0.199 
from  Table  1. 


Number  of  Identical 
ARGOS  Transmissions 

N 

Probability  of  Obtaining 
an  Error-Free  Data 

Packet 

P 

1 

0.801 

2 

0.960 

3 

0.992 

4 

0.998 

Table  2.  Improvement  in  bit  error  rates  utilizing 
redundant  transmissions. 


Figure  3  illustrates  the  measured  location  of  the  bit 
errors  in  an  ARGOS  packet.  These  data  were 
;athered  during  the  four  day  Bermuda  test.  The 


results  indicate  that  the  error  rate  increases  as  a 
function  of  bit  position.  This  means  that  an  error  in 
the  packet  is  usually  followed  by  additional  errors. 
Sherman  [9]  also  observed  these  results  .  The  fact 
that  more  bit  errors  occur  at  the  end  of  the  packet 
suggests  that  any  error  control  scheme  should  use 
the  beginning  of  the  packet  to  store  vital  packet 
information. 
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Figure  2.  Daily  ARGOS  Packet  Error  Statistics 
taken  over  a  two  month  period  in  Bermuda.  This 
does  not  include  packets  rejected  the  ARGOS 
satellite. 


Itt  2nd  3rd  4th 


Quartw*  of  Packet 

Figure  3.  Location  of  bit  error  in  an  ARGOS  packet 
taken  from  four  day  test  using  the  SSAR  buoy  off 
the  coast  of  Bermuda. 

ERROR  CONTROL  SCHEMES 


In  determining  the  type  of  error  control  scheme  to 
be  used  for  the  ARGOS  transmission,  one  must 
characterize  the  errors  as  single  bit  or  burst  (multiple 


S.  or  5  additional  bits  added  to  each  code  word.  For 
further  reference  on  error  correcting,  see 
Tanenbaum,  1981  [1]. 


bit)  errors.  It  is  meaningless  to  develop  an  error 
control  scheme  that  can  detect  and  correct  a  single 
bit  error  if  the  burst  errors  are  more  common.  The 
Bermuda  experiment  demonstrated  that  the  burst 
Pmrs  are  more  frequent  than  single  random  errors. 
This  is  common  for  satellite  conununication  systems 
since  transmission  errors  are  not  usually  mutually 
independent  [3]. 

There  are  two  basic  strategies  for  effectively  dealing 
with  transmission  errors: 

•  Include  enough  information  with  each 

packet  of  data  to  enable  the  receiver  to 
detect  and  correct  the  errors. 

•  biclude  enough  information  with  each 

packet  of  data  to  enable  the  receiver  to 
detect  but  not  correct  the  errors. 

The  former  strategy  uses  error  correcting  codes  and 
the  latter  uses  error  detection. 


Error  correcting  is  advantageous  for  data 
transmissions  that  utilize  simplex  communication 
such  as  ARGOS  since  the  data  are  not  re¬ 
transmitted  or  acknowledged.  However,  utilizing  an 
error  correcting  scheme  in  ARGOS  has  a  huge 
disadvantage  due  to  the  inability  to  effectively 
correct  burst  errors.  Burst  error  correction,  such  as 
code  interleaving,  is  available  but  is  very  costly 
because  of  the  amount  of  additional  bits  required  to 
correct  an  error.  For  example,  to  correct  a  double¬ 
bit  error  in  an  ARGOS  packet  would  nearly  double 
the  required  data  space.  Due  to  the  high  message 
drop-out  rate,  it  is  actually  more  effective  to  repeat 
the  same  message  rather  than  attempt  to  perform 
any  error  correcting  [9].  The  huge  overhead 
required  to  correct  burst  errors,  combined  with  more 
complex  processing,  makes  error  correcting  in  an 
ARGOS  packet  impractical  at  this  time. 


ERROR  CORRECTING 


^^mfor 


•r  correcting  is  based  on  the  premise  that  ail  the 
brmation  about  the  data  is  stored  in  the  packet. 
Additional  bits  are  added  to  each  data  field  in  a 
packet  to  determine  what  the  transmitted  data  must 
have  been  in  an  event  of  an  error.  In  other  words, 
each  data  field  consists  of  d  data  bits  and  r  check 
bits  for  a  total  length  of  n  (i.e.  n  ^  d  +  r).  This  is 
often  referred  to  as  an  n-bit  code  word. 


The  number  of  bit  positions  in  which  two  code 
words  differ  is  called  the  Hamming  distance.  If  two 
code  words  are  a  Hamming  distance  h  apart,  it  will 
require  h  single-bit  errors  to  convert  one  into  the 
otter.  The  error  correcting  properties  of  a  code 
word  (tepends  on  its  Hamming  distance  [1]. 


To  correct  h  errors,  you  need  a  distance  2h-¥\  code 
because  that  way  tte  legal  code  words  are  so  far 
apart  that  even  with  h  changes,  the  original  code 
word  is  still  closer  than  any  other  code  word  so  it 
can  be  uniquely  identified.  For  example,  to  correct 
ible-bit  errors,  the  code  must  have  a  distance  of 


ERROR  DETECTION 

Error  detection  is  based  on  the  premise  that  the 
sender  provides  enough  information  with  each 
packet  of  data  to  enable  the  receiver  to  determine 
that  an  error  has  occurred.  Error  detection  schemes 
do  not  provide  enough  information  to  determine 
where  the  error  occurred,  only  that  an  error  has 
occurred.  Tte  error  detection  is  often  provided 
through  a  code  word  that  is  usually  stored  at  the 
beginning  or  end  of  the  packet.  Error  detection  is 
very  popular  for  ARGOS  plications  because  it  is 
efficient  and  simple  to  implement 

The  choice  of  an  error  detecting  scheme  depends  on 
the  error  characteristics  of  the  transmission.  False 
detection  of  an  error,  or  a  missed  error,  often  leads 
to  incorrect  results.  Therefore,  choosing  the  correct 
error  detection  scheme  is  a  key  issue  for  the 
ARGOS  network  designers.  Tte  most  popular  error 
detecting  schemes  are  tte  arithmetic  checksum  and 
cyclic  redundancy  check  (CRC). 


The  arithmetic  checksum  is  the  simplest  of  the  error 
detecting  schemes,  but  it  does  not  trap  as  many 
errors  as  the  CRC.  The  checksum  is  often  used  for 
tworics  that  do  not  produce  a  lot  of  errors.  Its 
function  is  to  simply  sum  the  data  fields  of  size  c  bits 
in  a  packet,  where  c  is  commonly  8,  16,  or  32  bits. 
The  results  of  the  summation  is  the  check  code. 


The  CRC  method  is  also  based  on  the  addition  of  a 
series  of  bits.  In  this  case,  the  added  bits  guarantee 
that  the  code  word  plus  the  check  bits  is  divisible  by 
a  given  polynomial.  The  specific  division  method 
and  the  polynomial  used  determine  the  type  and 
range  of  transmission  errors  that  can  be  ^tected. 
The  [xobiem  of  designing  a  CRC  code  is  to  find  a 
polynomial  that  traps  the  largest  class  of 
transmission  errors  [3]. 


To  determine  the  optimal  error  detecting  scheme  for 
ARGOS,  tests  were  performed  by  randomly 
distorting  100,000  packets  of  256  bits  each.  The 
missed  error  rates  were  computed  and  compared  for 
8  and  16  bit  arithmetic  checksums  using  single  bit 
errors  and  burst  errors.  A  burst  error  is  defined  as 
utive  bit  errors.  Likewise,  missed  error  rates 
ere  performed  for  12  and  16  bit  CRCs  using  single 
bit  errors  and  burst  errors.  Figure  4  illustrate  the 
results.  The  generator  polynomials  used  for  the  CRC 
test  are  listed  below.  Further  details  about  the  CRC 
and  the  class  of  generator  polynomials  are  found  in 
Holtzmann,  1992  [3]. 


^^^xMisec 
^pivere  p 


CRC  Size 

Generator  Polynomial 

12  bit 

IJ  .  11  .  2  .  1 

X 

16  bit 

The  results  clearly  show  that  the  CRC  is  superior  in 
both  the  single  bit  and  burst  error  tests.  Similar 
results  were  also  found  comparing  an  8-bit  CRC 
with  an  8-bit  checksum  (not  shown).  Making  the 
CRC  even  more  attractive  is  the  fact  that,  by  using 
look-up  tables,  the  execution  time  of  the  CRC 
algoritto  is  nearly  identical  to  that  of  the  checksum. 
Choosing  the  size  of  the  CRC  depends  on  the 
amount  of  protection  you  need  for  your  data.  Due 
|o  the  large  number  of  errors  seen  during  the 


Bermuda  experiment  (see  Table  1  and  Figures  2-3), 
it  is  recommended  that,  at  a  mininuun,  a  12-bit 
CRC  be  utilized  using  the  generator  polynomial 
described  earlier. 

MAXIMIZING  BANDWIDTH  UTILIZATION 

Developing  a  good  packet  design  will  utilize  ail  of 
the  available  bandwidth.  This  is  especially  important 
when  using  ARGOS  because  of  the  small  packet  size 
and  limited  visibility.  There  are  several  single  ways 
to  efficiently  utilize  available  ARGOS  bandwidth. 
The  first  starts  with  an  efficient  packet  design.  Tte 
items  below  provide  guidelines  to  develop  a  good 
packet  design; 


•  Data 

Always  encode  data  with 
miiumum  bits.  Data  that 
requires  only  4-bits  should  use 
4-bits  instead  of  8  or  16  bits. 

•  Error  Detection 

Choose  minimally  a 

12-bit  CRC  stor^  at  the 
begirming  of  the  packet. 

•  Packet  Header 

Utilize  a  packet  header  that 
stores  a  packet  number,  and 
date  and  time  of  transfer  (if 
possible).  This  aids  in 
decoding  the  data. 

•  Repeats 

Repeat  packets  to  improve 
the  probability  of  obtaining 
zero  bit  errors. 

•  Multiple  Id’s 

Use  multiple  platfixm  Id’s 
(message  buffers)  with  a  single 
physical  PTT. 

•  Transmission 

For  fixed  platforms  and  to 
platforms  moving  in  a  limited 
range,  transmit  data  when 
ARGOS  is  in  view  by  utilizing 
predictable  pass  times  [8,9]. 

The  first  step  in 

decoding  a  packet  involves 

validating  the  data.  This  is  accomplished  by 
performing  a  CRC  on  the  data  received  and 
comparing  it  with  the  CRC  that  was  sent.  Duplicate 
packets  that  also  have  errors  could  use  a  “majority 
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Figure  4.  Comparison  of  arithmetje  checksum  and  CRC  for  single  and 
consecutive  bit  errors  in  an  ARGOS  picket.  The  data  was  simulated 
using  100.000  packets  of  256  bits  each. 


ruk”  algorithm  to  retrieve  some  of  the  data  fields  in 
a  packet.  Under  this  rule,  bits  are  used  when  they 
ate  emnmon  (same  location  and  value)  in  each 
packet. 

The  pocket  number,  date,  and  time  field  stored  in 
each  {Mcket  are  used  to  group  duplicate  packets  or 
identify  lost  packets.  This  is  especially  important 
when  the  data-repeat  is  delayed. 

SUMMARY 

This  paper  denxmstrated  the  need  for  a  good  packet 
design  when  attempting  to  maximize  throughput  via 
ARGOS  in  a  SSAR  buoy.  Tests  condtK^  in 
Bermuda  have  shown  that  about  20%  of  the  packets 
frmn  ARGOS  will  contain  bit  errors.  The  error  rate 
jnereased  as  a  function  of  bit  position  indicating  that 


an  error  in  the  packet  is  isually  followed  by 
additional  erron  in  the  rest  of  the  packet.  The 
results  from  first  Bermuda  experiment  indicau  that 
12.8%  of  the  packets  had  10  or  mote  errors  which 
means  that  errors  normally  occur  in  bursts  ruber 
than  randomly. 

The  bit  errors  could  be  caused  by  the  environment, 
faulty  hardware,  or  bad  signal  quality  during  the 
coUectioo  of  data.  Another  source  of  error  could  be 
due  to  the  times  when  the  ARGOS  satellite  is  below 
the  horizon  or  at  a  low  elevation  angle  (<  5  degs). 
This  results  in  packets  being  transmitted  at  large 
distances  through  the  atnnos{4iere,  increasing  the 
potential  for  intnfereoce. 


Error  comectioa  is  impractical  due  to  the  large 
number  of  burst  errors  and  lost  packets.  To  ensure 


good  error  detection,  an  error  detection  algorithm, 
such  as  a  12-bit  CRC,  should  be  utilized  in  each 
packet  and  stored  near  the  beginning  of  the  packet. 
The  CRC  outperformed  the  checksum  for  both 
single  and  consecutive  bit  error  tests  on  100,000 
simulated  ARGOS  packets.  A  good  packet  design 
is  needed  to  eHicienUy  utilize  the  available  ARGOS 
bandwidth.  This  design  should  include  data 
encoding,  error  detection,  data  repeats,  and  multiple 
PTT  identifiers. 
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ABSTRACT 

A  new  full-wave  parabolic  approximation  is  introduced  that  is  valid  for  a  wide  range  of 
grazing  angles.  By  Fourier  synthesis  it  yields  travel  times  of  ocean  acoustic  multipaths  that 
are  insensitive  to  a  reference  speed  of  soimd.  After  depths  and  sound  speeds  are  transformed 
to  new  coordinates,  the  highly  efficient  "split-step  Fourier”  algorithm  is  used  to  solve  the  new 
approximate  wave  equation  for  forward  propagation.  Accuracy  of  the  new  approximation 
has  been  tested  by  comparison  to  a  broadband  normal  mode  model  in  a  range-independent 
environment.  At  1000  km  range  and  with  a  pulse  of  resolution  20  ms  at  center  frequency 
75  Hz,  computed  travel  times  of  24  multipaths  agreed  with  maximum  difference  3.4  ms, 
mean  difference  0.9  ms,  and  rms  difference  1.5  ms.  This  approximation  may  prove  to  be 
an  efficient  method  for  accurate  travel  time  predictions  of  multipaths  over  a  wide  range  of 
acoustic  frequencies  and  for  basin  scale  distance. 


1 


INTRODUCTION 


Mapping  temperatures  in  the  global  oceans  with  acoustic  tomography  requires  a  suffi¬ 
ciently  accurate  model  for  the  propagation  of  sound  waves  in  a  reference  model  for  the  ocean. 
To  date,  tomographic  methodsl^*  *^1  have  been  used  to  map  basin- wide  temperatures  at 
frequencies  above  100  Hz.  A  reference  field  of  sound  speed  is  corrected  by  putting  the  differ¬ 
ence  between  measured  and  predicted  travel  times  of  multipaths  into  a  tomographic  inverse. 
The  predicted  travel  times  are  computed  using  the  reference  field  of  the  speed  of  sound. 

Previously,  travel  times  in  range  dependent  ocean  environments  have  been  computed 
with  ray  theory.  Below  about  100  Hz,  however,  phase  errors  in  ray  theory  can  accumulate  to 
significant  values  at  long  ranges.  For  example,  Boden  et  al.1^1  compared  travel  times  of  rays 
with  delays  computed  from  exact  solutions  of  the  wave  equation.  Their  work  represented  the 
ocean  with  a  smoothed  profile  of  sotmd  speed  and  no  range  dependence,  which  suppressed 
mesoscale  structure  for  example.  The  difference  in  travel  times  between  rays  and  exact 
solutions  was  about  0.09  seconds  at  4000  km  distance  with  center  frequency  of  50  Hz.  The 
reference  travel  times  should  be  as  close  as  possible  to  the  actual  delays  of  pulses  in  the 
ocean  so  that  the  tomographic  inverse  is  nearly  linear, 

An  accurate  and  efficient  algorithm  to  compute  travel  times  for  a  sound  speed  field  that 
depends  on  depth  and  distance  between  the  acoustic  source  and  receiver  is  required.  The 
algorithm  should  be  able  to  deal  with  a  realistic  bottom  that  is  not  flat.  The  algorithm 
would  be  more  powerful  if  it  does  not  depend  on  the  questionable  validity  of  the  adiabatic 
approximation.  An  approach  based  on  coupled  norm^  modes  is  numerically  inefficient. 
Parabolic  approximations  used  to  date  yield  travel  times  which  are  either  sensitive  to  a 
reference  speed  of  sound,  or  are  not  sufficiently  accurate  over  a  wide  range  of  grazing  angles 
at  long  distances. 

We  show  that  a  new  full-wave  parabolic  approximation  has  promise  to  compute  accurate 
travel  times  without  exhibiting  a  sensitivity  to  a  reference  speed  of  sound.  This  approxima¬ 
tion  is  valid  over  a  wide  range  of  grazing  angles,  and  is  valid  for  sound  speed  and  bottom 
profiles  that  depend  on  distance  along  an  acoustic  section. 

I.  FORWARD  PROPAGATION  WAVE  EQUATION 

Fourier  synthesis  is  an  efficient  method  for  computing  the  travel  time  of  an  acoustic 
multipath  from  a  full- wave  solution. Thus,  accurate  predictions  of  travel  time  require 
accurate  computations  of  the  phase  and  amplitude  for  each  acoustic  frequency.  The  starting 
point  is  theref^ore  the  exact  forward  propagation  wave  equation  at  fixed  bearing,^} 

^  =  .-fcoQCr)®,  (1) 

where  the  range  dependent  operator  Q(r)  is  given  by 

Q{r)  =  yjni{z,r)-p,  (2) 

and  the  “momentum”  operator  is 

p=-iki'd,.  (3) 
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Here  Cq  is  the  reference  sound  speed,  ko  uj/cq  is  the  reference  wave  number,  n(z,r)  = 
Cofc(z,r)  is  the  acoustic  index  of  refraction,  c(z,r)  is  the  range  dependent  sound  speed 
profije  at  fixed  bearing,  and  the  symbol  dt  in  the  operator  p  denotes  the  partial  derivative 
with  respect  to  depth  z.  The  complex- valued  acoustic  field  'i’(r,r)  is  defined  by  Eq.(5) 
below. 

In  the  ray  limit,  the  operator  p  becomes  the  function  p  =  nsinO,  where  6  is  the  ray 
grazing  angle.  Thus  small  p  means  small  grazing  angles,  which  is  the  usual  situation  in 
ocean  acoustics  for  long  range  propagation.  Also  in  the  ray  limit,  the  operator  Q{r)  becomes 
the  function  (^(r)  =  \/(n^  —  p^)  =  n  cos  6.  The  travel  time  of  a  ray,  in  our  notation,  is  given 
by 


nHz{r>)y) 

CoQir’) 


dr\ 


(4) 


where  the  index  of  refraction  n{z,r)  and  the  function  Q(r)  are  evaluated  along  the  ray 
trajectory. 

The  full-wave  acoustic  pressure  P  at  frequency  /  =  u}/2n  amd  at  fixed  bearing  is  given 
by,® 

/>(/,  r,  r)  =  Po{f)lrhoQ(r)]--‘l^<Hz,  r),  (5) 


where  Po{f)  is  the  Fourier  frequency  representation  of  the  transmitted  signal  time  series. 
The  time  domain  analytic  signal  at  the  receiver  is  obtained  by  Fourier  synthesis  as 


P(t,z,r)=  I  P{f,z,r)exp{-i2irft)df. 
Jo 


(6) 


Many  of  the  peaks  of  the  function  (P(t)P  correspond  to  ray  multipaths,  and  the  time  at 
which  a  peak  occurs  yields  a  full-wave  prediction  of  travel  time  that  corresponds  to  <ray 
given  by  Eq.(4). 

The  operator  koQ{r)  may  be  interpreted  physically  as  the  radial  (horizontal)  component 
of  wavenumber.  It  is  easy  to  see  that  koQ{r)  does  not  depend  on  the  reference  sound  speed 
Cq,  from  which  it  follows  that  P  and  P  are  also  independent  of  cq.  Another  basic  result 
is  the  conservation  relation,!^ 

J  =  const,  (7) 

which  follows  from  the  self-adjoint  property  of  Q(r).  This  constant  may  be  interpreted 
physically  as  proportional  to  the  outgoing  radial  component  of  acoustical  power  Wr  in  the 
small  constant  bearing  interval  A&,  since  Eq.(5)  gives 


J  a  tAB  j  P^koQ{r)Pdz  <x  Wr. 


(8) 


Numerical  solutions  of  Eq.(l)  can  in  principle  be  obtained  by  a  coupled  mode  model. 
The  local  normal  modes  are  defined  by 


koQ{r)<f>n  =  *n(r)(^n, 


(9) 


with  the  orthonormality  condition 


j  <l>n<l>mdz  =  6n,m- 


(10) 


3 


The  solution  of  Eq.(l)  is  then  represented  as 


^(^>0  =  lIon(r)^„(z,r).  (11) 

n 

The  following  system  of  equations  may  be  derived: 

On  =  ikn(r)an  +  i  53  frnm(r)a„,  (12) 

m 

where  overdots  denote  differentiation  with  respect  to  range  r,  and  the  mode  coupling  coeffi¬ 
cients  &nm(r)  vanish  if  m  =  n,  and  if  m  n  they  axe  given  by 

U  f  Q„2 

^nm(r)  =  ~*^2  _  ^2  7 

fn 

The  mode  coupling  matrix  is  Hermitian  (self-adjoint), 

^nmi^)  ~  i>mn(^)>  (14) 

which  implies  from  Eq.(12)  that 


51  =  const.  (15) 

n 

This  conservation  relation  is  obviously  equivalent  to  Eq.(7).  Finally,  the  acoustic  pressure  is 
obtained  from  Eq.(5)  as 

P{f,  0  =  Poif)  53  <^n{r)(f>n{^^  r)/y/rkn{r).  (16) 

n 

These  coupled  mode  equations  and  relations  are  exact,  and  if  Eq.(12)  could  be  solved 
niunerically  by  an  accurate  and  efficient  algorithm,  then  solutions  of  Eq.(l)  could  be  obtained 
and  parabolic  approximations  would  not  be  needed.  Unfortunately,  accurate  algorithmsl^l 
for  solving  Ex].(12)  are  inefficient,  and  broadband  coupled  mode  computations  are  not  feasible 
for  general  range  dependent  environments.  At  the  present  time,  therefore,  there  is  a  need 
for  better  and  improved  parabolic  approximations  to  Eq.(l). 

n.  PARABOLIC  APPROXIMATIONS 

The  term  “parabolic  approximation”  refers  to  the  procedure  of  replacing  the  exact  oper¬ 
ator  Q{r)  with  an  approximate  operator  Qa(’'}  &nd  replacing  the  exact  forward  propagation 
wave  equation  with  an  approximate  wave  equation,^®^ 

Qili 

=  ikoQa{r)^a.  (17) 

For  many  parabolic  approximations,  the  highly  efficient  “split-step  Fourier”  algorithm, 
called  the  SSF  algorithm  in  the  following,  may  be  used  to  solve  Eq.(17).  This  is  the  primary 
reason  for  introducing  such  approximations. 
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Since  QaC**)  is  not  equal  to  Q(r) ,  the  solution  <$0(2,  r)  of  the  approximate  wave  equation 
will  not  be  equal  to  the  solution  r)  of  the  exact  wave  equation,  and  some  measure  of  the 
difference  may  be  called  the  ‘‘error”.  Mathematical  research  on  “operator  approximations” 
remains  in  a  undeveloped  state,  and  the  problem  of  accurately  estimating  the  solution  error  in 
complicated  range  dependent  environments  appears  to  be  intractable  by  theoretical  methods. 
Even  for  benign  range  independent  environments,  the  problem  of  estimating  full-wave  travel 
time  errors  due  to  various  parabolic  approximations  has  not  yet  been  studied  by  theoretical 
methods.  This  makes  the  problem  of  obtaining  a  “better”  parabolic  approximation  largely 
a  matter  of  physical  and  mathematical  intuition,  to  be  tested  by  numerical  computations, 
bearing  in  mind  that  a  “better”  approximation  for  one  implication  may  not  be  “good  enough” 
for  another  application.  The  general  conditions  that  Qa{r)  must  satisfy  are  that  it  be  self- 
adjoint,  yielding  a  conservation  relation,  and  that  it  obey  the  principle  of  r^iprocity.!*^ 

An  operator  approximation  that  preserves  the  self-adjointness  of  Q(r)  and  also  preserves 
the  co-independence  of  koQ(r)  was  derived  by  Tappert.^1  The  resulting  approximate  wave 
equation  is  of  parabolic  type,  and  numericaJ  solutions  were  later  obtained  using  a  finite 
difference  method  by  Tappert  and  Lee.l^^  This  co-independent  operator  approximation  is 

Qindir)  =  n  -  pn~^pl2  -f  /?,  (18) 

where  R\s  a.  remainder  term  given  by 

R  =  (fcon)~*(n„  -  nlfn)f4,  (19) 

where  subscripts  z  denote  partial  differention  with  respect  to  z.  This  approximation  is 
formally  exact  for  all  n,  and  to  leading  order  in  p. 

If  n  varies  smoothly  and  slowly  in  depth  on  the  scale  6,  and  if  n  differs  from  unity  by  the 
small  amount  e,  then  an  order  of  magnitude  estimate  of  R  yields 

R  =  0(£(Jfco6)-*).  (20) 

Typically  6  500  m  or  more  and  c  »  0.05  or  less,  which  makes  R  negligibly  small  for 

acoustic  frequencies  above  about  1  Hz.  If  n{z,r)  is  known  analytically  and  can  be  analyti¬ 
cally  differentiated,  then  R  should  be  retained  for  greater  accuracy;  otherwise  R  should  be 
neglected  and  the  formally  exact  Q/nd(f)  replaced  by 

Qind(r)  =  n  -  pn-'pl2.  (21) 

This  approximation  is  also  self-adjoint  and  c^-independent,  and  will  be  used  in  what  follows. 
The  approximate  wave  equation  is  then 

(22) 

The  acoustic  pressure  is  given  by 

Pindif,  2,  r)  =  Po[rfcon(2,  r)]“*/*'J /„a(z,  r),  (23) 

and  the  conservation  relation  becomes 

J  \^Jnd?dz  oc  rA5  J  kon{z,r)\Pind\^dz  =  const.  (24) 
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In  order  to  solve  this  equation  using  the  SSF  algorithm,  Tappertl^l  introduced  the  trans¬ 
formation  (at  each  range  r), 

i  =  }Jn{2\r)dz\  (25) 

Also,  the  transformed  index  of  refraction  is 

h{z,r)  =  n{2,r),  (26) 

and  the  transformed  wave  function  is 

^  India,  r)  =  n~'^*iz,  r)^jndiz,  r).  (27) 

With  this  "tilde”  transformation,  it  was  shownl^^  that 

pn-*p  =  p^  +  It,  (28) 

where  the  “momentum”  operator  in  the  tilde  coordinates  is 

p  =  (29) 

and  the  remainder  term  R'  has  the  same  form  and  order  of  magnitude  as  R  and  will  hence¬ 
forth  be  neglected.  In  tilde  coordinates,  the  approximate  operator  becomes 

Qind(r)  =  n(i,  r)  -  p^/2,  (30) 

and  the  approximate  wave  equation  becomes 

(31) 

The  conservation  relation  is  then 

J  \^ind?dz  =  const,  (32) 

which  follows  from  the  self-adjointness  of  Qindir),  independently  from  Eq.(24)  and  the 
above  tilde  transformation. 

The  tilde  transformed  c^-independent  approximate  wave  equation,  Eq.(31)  above,  is  tan- 
talyzingly  close  to,  but  different  from,  the  CMOD  approximation  introduced  by  Brock,  et 
aiJil]  The  CMOD  approximation  uses  the  crude  expression  z  =  y/nz  in  place  of  the  correct 
Eq.(25),  does  not  rescale  and  violates  power  conservation. 

Numerical  solutions  of  Eq.(31)  are  efficiently  and  easily  obtained  using  the  SSF  algorithm. 
Implementation  requires  that  source  and  receiver  depths  as  well  as  the  index  of  refraction 
profile  be  mapped  into  the  z  coordinate  at  each  range  step,  for  general  range  dependent 
environments.  The  extra  computational  work  is  minimal. 

The  above  Q)-independent  approximation  is  valid  to  first  order  in  p^,  and  its  accuracy 
for  steeper  grazing  angles  (say,  above  15°)  is  questionable,  especially  at  long  ranges  due 
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to  accumulated  errors.  Thomsou  and  Chapmanl^^  provided  another  approximation  that 
replaces  the  modified  standard  parabolic  approximation,!^ 

(?5i^(r)  =  n-^/2,  (33) 

by  the  improved  approximation, 

Qt-c{i')  =  n  +  \/l  “  1,  (34) 

that  may  also  be  written  as 

<5T-o(r)  =  n-pV(l+\A^)-  (35) 

This  Thomson-Chapman  (T-C)  approximation  is  exact  when  n  =  1  and  it  is  also  exact  when 
p  =  0.  Since  it  reduces  to  the  modified  standard  parabolic  approximation  for  small  p  to 
first  order  in  the  T-C  approximation  is  considered  an  improvement  for  larger  p  or  steeper 
grazing  angles,  and  a  limited  amount  of  numerical  testing  has  confirmed  this.  Since  it  is 
easy  to  implement  and  is  “free”  when  using  the  SSF  algorithm,  the  T-C  approximation  has 
been  nearly  universally  adopted  as  the  new  standard. 

However,  the  T-C  approximation  depends  on  c^,  and  this  leads  to  the  vexing  question  of 
how  to  select  cq.  Since  the  T-C  approximation  is  exact  when  both  n  =  1  and  p  =  0,  which 
gives  Q(r)  =  Qt-c(^)  =  1>  one  should  try  to  center  the  values  of  Qr-c(**)  “  close  to  unity 
as  possible  in  order  to  minimize  the  error.  If  co  is  chosen  to  be  the  minimum  sound  speed, 
then  n  <  1  and  Eq.(34)  shows  that  QT-ci^)  <  1.  This  choice  is  clearly  very  poor  because 
values  of  Qt-c{‘^)  'will  not  be  centered  at  unity,  but  will  have  a  first  order  bias.  The  above 
expression  for  ray  travel  time,  Eq.(4),  indicates  that  if  Qr-ci^)  is  biased  toward  values  that 
are  too  small,  then  predicted  travel  times  will  be  too  large,  that  is,  later  in  time  than  they 
should  be.  Numerical  results  of  Boden  et  al.1^1  and  those  presented  below  in  Sect.  V  have 
confirmed  this  expection. 

A  better  way  to  select  cq  is  to  require  that 

(Qr-c(r))  1,  (36) 

where  the  angular  brackets  denote  a  depth  average.  In  the  small  angle  limit  (^)  C  1,  we 
obtain 

A,(r)  =  (c-»)-*.  (37) 

This  hamoonic  average  over  depth  is  recognized  to  be  the  “fathometer  correction”  for  depth 
soimders. 

Although  the  above  selection  of  co  mitigates  the  gross  errors  caused  by  selecting  A)  as 
the  minimum  sound  speed,  it  does  not  overcome  the  fundamental  limitation  of  the  T-C 
approxinoation,  namely,  that  the  accuracy  of  results  depends  sensitively  on  a>.  Just  one 
value  of  A),  even  though  range  dependent  as  above,  is  not  as  accurate  as  the  A>*iodependent 
approximation  described  above  that,  in  effect,  allows  co  to  depend  on  depth  as  well  as  range. 
In  the  following  Section,  a  new  parabolic  approximation  is  introduced  that  combines  the 
excellent  high  angle  capability  of  the  T-C  approximation  with  the  excellent  small  angle 
capability  of  the  A)*independent  approximation. 
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m.  NEW  PARABOLIC  APPROXIMATION 

The  cto-independent  approximation,  given  by  Eq.(21),  is  extended  to  steep  angles  by  anal¬ 
ogy  to  the  way  the  T-C  approximation  extends  the  modified  standard  approximation,  given 
by  Eq.(33),  to  steep  angles  leading  to  Eq.(34).  The  result  is  the  new  parabolic  approximation, 
caUed  the  c^-insensitive  approximation, 


Qtn,{r)  =  n  -I-  yj\-pn-^p  -  1,  (38) 

that  may  also  be  written  as 

Qln»{r)  =  n  -  +  y/l  -  (39) 

For  small  grazing  angles  (small  p),  this  reduces  to  the  co-independent  approximation,  and 
for  steq;>  angles  it  has  the  proper  “spherical’’  wavefront  property  of  the  T-C  approximation. 
Like  the  T-C  approximation,  it  is  exact  if  n  =  1  and  if  p  =  0.  Unlike  the  T-C  approximation, 
it  is  insensitive  to  (but  not  independent  of)  the  selected  value  of  Cq.  The  new  approximate 
wave  equation  is 

(40) 

Implementation  of  this  new  co' insensitive  approximation  using  the  SSF  algorithm  is  done 
with  the  same  tilde  transformation  discussed  above  in  connection  with  the  co-independent 
approximation.  Neglecting  the  small  remainder  terms,  R  and  R!,  as  before,  we  obtain  the 
following  representation  in  the  tilde  coordinates, 

Qin»ir)  =  n  -  pV(1  +  y/l-p)-  (41 ) 

This  has  the  same  form  as  the  Qr-ci^)  operator,  and  solutions  of  the  approximate  wave 
equation  in  the  tilde  representation. 


Int,  (42) 

are  efficiently  computed  with  the  SSF  algorithm.  The  small  extra  computational  work,  as 
compared  to  the  T-C  approximation,  is  to  compute  z  and  n  at  each  range  step.  For  range 
independent  cases,  the  extra  computational  work  is  practically  zero. 

This  Q)-insensitive  approximation  requires  a  value  of  cq  at  each  range  step.  If  h{r)  is  the 
water  depth  at  range  r,  we  compute  cq  from  the  condition  that  the  water  depth  be  unchanged 
in  the  i  coordinate.  Then  Eq.(25)  gives 


which  jrields 


fh{r)  I - 

=  yn{z,r)dz, 


Coir)  = 


1  /*(»•)  dz 


—  [ 

Jo  \/c(z,r)J 


-2 


(43) 


(44) 
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Writing  this  expression  in  the  form  of  Eq.(37)  gives 

Cb(r)  =  {<:-■«)-».  (45) 

The  University  of  Miami  PE/SSF  acoustic  model, called  UMPE,  was  modified  to 
impl«nent  the  c^-insensitive  approximation  using  the  above  formulas  and  the  algorithms 
provided  in  the  Appendix.  An  earlier  version  of  this  model  was  used  to  predict  CW  trans¬ 
mission  loss  for  Porter’s  surface  duct  problem^^^i  with  good  success.f^^i  The  new  fully  range 
dependent  version  was  used  to  predict  travel  time  as  discussed  in  the  next  two  Sections. 

IV.  SYNTHESIS  OF  TRAVEL  TIMES 


It  is  assumed  that  the  transmitted  signal  is  band-limited,  with  bandwidth  B  and  center 
frequency  /e,  with  fe  >  3/2.  Then  the  desired  time  series  at  the  receiver  is  given  by  the 
band-limited  version  of  Eq.(6): 


p(<,2,r)  =  PifyZ^r)exp{-i2irft)df. 

(46) 

Base-banding  this  Fourier  transform  gives 

P(<,  z,  r)  -  exp(-t2ff/c<)A(<, »*), 

(47) 

where  the  envelope  function  is 

/B/2 

Pe(t, r)  =  J  P{fc  +  /,  r) exp(-i2ir fi)d/. 

(48) 

Predictions  of  are  to  be  compared  to  a  measured  time  series  of  complex  demodulates  at  a 
receiver  at  depth  z  and  range  r,  and  at  fixed  bearing  relative  to  the  transmitter.  The  same 
formula  is  used  to  predict  P^  when  a  parabolic  approximation  is  made  —  one  simply  replaces 
the  exact  P{f,z,r)  by  an  approximate  PaifyZ,r),  where  Paif,z^r)  is  computed  in  terms  of 
^a{fi3;,r)  that  satisfies  an  approximate  forward  wave  equation. 

Following  Nghiem-Phu  and  Tappert,^'^!  we  normalize  |Pe|^  relative  to  the  peak  power  at 
reference  range  i2o  =  1  m.  At  the  given  receiver  location,  we  then  compute  and  display  the 
transmission  loss  time  series  given  by 

TL(()  =  -101og(|P.(()|’).  (49) 

Peaks  of  this  function  correspond  to  travel  times  of  acoustic  multipaths  that  we  want  to 
predict  as  accurately  and  efficiently  as  possible. 

It  is  also  important  to  accurately  predict  the  amplitudes  of  the  peaks  for  the  following 
reasons:  1)  Knowledge  of  the  amplitudes  aids  understanding  of  multipath  propagation  con¬ 
ditions  and  path  identification  for  tomographic  inversion;  2)  It  would  be  wasteful  to  spend 
excessive  zunounts  of  computer  time  to  predict  arrivals  that  have  such  low  amplitudes  that 
th^  are  unobservable  in  a  noisy  background;  3)  Knowledge  of  absolute  amplitudes  aids  the 
design  of  experimental  configurations  —  optimal  placement  of  sources  and  receivers,  optimal 
bandwidths  and  center  frequencies,  etc. 
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False  peaks,  or  temporal  sidelobes,(^l  are  artifacts  caused  by  excessively  sharp  or  discon¬ 
tinuous  windows  in  frequency  space.  To  minimize  such  numerical  artifacts,  we  use  the  Hann 
window  (raised  cosine)  in  frequency  space,  that  goes  smoothly  to  zero  at  the  two  end  points 
of  the  passband.  The  first  sidelobes  (in  time)  are  more  than  30  dB  down  from  the  main 
peak,  and  the  higher  sidelobes  are  progressivdy  farther  down.  The  main  peak  in  time  of  a 
single  arrival  is  broadened  somewhat  (the  effective  bandwidth  is  only  half  of  B),  but  this 
is  a  »Tna.ll  price  to  pay  for  reducing  the  levels  of  false  peaks.  In  addition,  the  Hann  filter 
allows  zero  padding  in  frequency  which  gives  better  resolution  in  the  time  domain  by  Fourier 
interpolation.  The  numerical  examples  in  the  next  Section  make  use  of  this  technique. 

If  the  number  of  frequency  components  used  in  a  numerical  computation  is  Nf  and  the 
bandwidth  is  B,  then  the  width  of  one  frequency  bin  is  A/  =  BjNj.  The  period  in  time  of 
the  predicted  time  series  is  then  T  =  1/A/,  which  should  be  chosen  large  enough  to  include 
all  multipaths  without  overlap  caused  by  "wraparound”  due  to  periodicity.  Generally  T 
increases  linearly  with  range,  which  means  that  Nj  should  also  increase  linearly  with  range. 
The  sample  interval  in  time  is  Ai  =  TjNj  =  1/B,  which  can  be  reduced  to  smaller  values  by 
Fourier  interpolation  using  zero  padding,  although  this  does  not  really  give  more  information. 
This  is  discussed  further  in  the  next  Section,  where  numerical  examples  are  described. 

Let  the  method  of  Fourier  synthesis  be  regarded  as  a  numerical  technique  that  solves  a 
time  dependent  wave  equation.  The  exact  forward  propagation  wave  equation,  E}q.(l),  when 
transformed  to  the  time  domain  becomes. 


In  principle,  the  solution  9(t,r,r)  could  be  computed  by  marching  out  in  range  and  eval¬ 
uating  the  partial  derivatives  with  respect  to  time  t  by  finite  difference  methods  on  a  grid 
in  time  with  some  mesh  size  At.  Obviously  this  method  would  be  inefficient  and  would  also 
be  inaccurate  unless  At  were  extremely  small.  In  contrast,  the  Fourier  synthesis  method 
is  much  more  efficient  and  is  also  very  accurate.  This  is  because  partial  derivatives  with 
respect  to  time  are  evaluated  in  the  frequency  domun  which  yields  "infinite  order”  accuracy 
compared  to  finite  difference  schemes.  In  the  frequency  domain,  Eq.(50)  becomes 

^  «,  (51) 


which  of  course  is  exactly  equivalent  to  Eq.(l).  Thus  this  spectral  method  allows  quite  large 
time  steps  (At  =  1/B)  compared  to  finite  difference  schemes.  Moreover,  the  time  domain 
solution  computed  at  these  discrete  times  does  not  depend  on  the  number  of  frequencies  Nj 
used  in  the  computation,  provided  that  the  time  window  T  is  large  enough  to  contain  all  of 
the  arrivals  without  overlap. 

The  same  principle  obviously  applies  to  approximate  wave  equations,  since  they  can  also 
be  written  either  in  the  frequency  domain  or  in  the  time  domain.  For  example,  the  co- 
independent  parabolic  approximation,  which  is  given  by  Eq.(22)  in  the  frequency  domain, 
may  be  transformed  into  the  time  domain  yielding 


d^M  ,  Id^  _  (  d^\ 

dr  c  dt  \^/  \  / 


(52) 
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Depth  (m) 

Speed  (km/s) 

Depth  (m) 

Speed  (km/s) 

0 

1.47904 

10 

900 

1.47964 

20 

1000 

1.48027 

30 

1.51933 

1100 

1.48105 

50 

1.51244 

1200 

1.48189 

75 

1300 

1.48282 

100 

1.50317 

1400 

1.48374 

125 

1.50106 

1500 

1.48466 

150 

1.49831 

1750 

1.48746 

200 

1.49190 

2000 

1.49059 

250 

1.48908 

2500 

1.49799 

300 

1.48676 

3000 

1.50603 

400 

1.48214 

3500 

1.51442 

500 

1.47935 

4000 

1.52321 

600 

1.47851 

4500 

1.53223 

700 

1.47865 

5000 

1.54143 

Table  1:  Sound  speed  profile  used  in  the  test  case 


This  time  domain  equation  is  efficiently  solved  by  the  Fourier  synthesis  technique,  which  also 
avoids  the  singularity  of  the  right  hand  side  at  zero  frequency  {djdt  ==  0)  for  band  limited 
signals  of  the  kind  described  above.  Application  of  the  finite  difference  technique  in  the  time 
domain  requires  that  the  above  equation  be  multiplied  through  by  djdi,  yielding  a  linear 
partial  differential  equation  of  second  order.  The  resulting  equation  is  of  hyperbolic  type  and 
has  two  characteristics,  one  of  which  is  parasitic  or  spurious.  For  this  reason,  and  also  for 
efficiency,  full- wave  predictions  of  travel  times  should  utilize  the  Fourier  synthesis  technique, 
and  one  should  not  even  think  of  using  the  finite  difference  technique  for  such  predictions. 

V.  NUMERICAL  EXAMPLES  AND  COMPARISONS 

Travel  time  is  computed  for  the  following  idealized  problem.  The  acoustic  source  and 
receiver  are  located  near  the  sound  channel  axis  over  a  flat  lossy  (fully  absorbing)  bottom 
at  5000  m  depth.  The  speed  of  sound  varies  only  with  depth  and  not  with  distance  along 
the  section,  and  is  taken  from  historical  averages  for  summertime  in  the  northeast  Pacific. 
We  use  a  temperature  and  salinity  profile  from  Levitus^^^l  and  Del  Grosso’s  sound  speed 
formula.1^^  Tabulated  values  of  depth  and  so\md  speed  are  listed  in  Table  1.  Between  these 
tabulated  points,  the  sound  speed  is  assumed  to  vary  linearly  with  depth.  For  this  profile, 
the  minimum  sound  speed  occurs  at  600  m  depth.  Seawater  absorption  effects  and  earth 
curvature  effects  are  neglected.  To  complete  the  specification  of  the  problem,  the  center 
frequency  is  75  Hz  and  the  bandwidth  is  B  =  50  Hz. 

For  this  range  independent  problem,  the  reference  prediction  of  travel  time  is  computed 
using  a  normal  mode  model,  which  in  principle  solves  the  exact  forward  propagation  wave 
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equation.  We  use  the  KRAKEN  normal  mode  model  developed  by  Porter, and  the  Fourier 
synthesis  described  in  Sect.  IV. 

The  new  co-insensitive  parabolic  approximation  is  implemented  with  the  UMPE  model 
as  described  above.  Two  broadband  runs  are  made  to  the  range  1000  km  for  source  depths 
600  m,  on  the  axis,  and  400  m.  Fourier  synthesis  gives  the  wave  fronts  displayed  in  Fig.(l). 
The  wave-equation-solving  UMPE  model  automatically  computes  the  data  needed  for  these 
plots  at  each  mesh  point  in  depth  with  no  extra  computational  burden. 

The  early  arrivals  seen  in  Fig.(l)  are  ray-like  and  correspond  to  steeper  grazing  angles. 
They  occur  in  groups  of  four,  except  for  a  receiver  at  the  same  depth  as  the  source  in  which 
case  each  group  consists  of  three  arrivals,  the  middle  one  being  a  doublet.  We  use  a  ray 
model  to  estimate  the  launch  angles  of  these  multipaths,  and  find  that  the  first  group  of  rays 
axe  inclined  at  about  15°  with  respect  to  horizontal.  The  late  cluster  of  arrivals  having  a 
duration  about  0.4  s  correspond  to  near  axial  ray  paths  having  shallow  grazing  angles.  This 
cluster  contadns  a  large  number  of  unresolved  multipaths,  and  the  peaks  seen  in  Fig.(l)  at  late 
times  represent  a  complicated  full-wave  description  of  multipath  interference  and  caustics 
that  would  be  difficult  to  predict  with  a  ray  model.  In  fact,  these  late  arrivals  clearly 
resemble  normal  modes  of  low  order,  with  white  spaces  demarking  the  nulls  of  successive 
normal  modes. 

Frequency  domain  data  are  interpolated  in  depth  to  five  selected  receiver  depths,  and 
Fourier  synthesis  is  used  to  compute  the  band-limited  pulse  response  functions  at  these  five 
depths.  The  results  are  shown  in  Fig.(2)  for  the  600  m  source  depth,  and  in  Fig.(3)  for 
the  400  m  source  depth.  These  computed  pulse  response  functions  are  readily  interpreted 
as  horizontal  slices  of  the  wavefronts  shown  in  Fig.(l).  Of  the  ten  pulse  response  functions 
shown  in  Figs.(2)  and  (3),  nine  are  distinctly  different  and  two  are  the  same,  namely,  Fig.(2a) 
and  Fig.(3c).  Overlays  show  that  these  two  pulse  response  functions  are  identical  to  within 
the  resolution  of  the  plots.  This  confirms  that  the  broadband  UMPE  model  is  accurately 
reciprocal. 

These  runs  with  UMPE  use  a  transform  size  in  depth  of  =  1024  and  a  range  step  of 
400  m,  for  all  frequencies  {Nj  =  256).  Thus  the  UMPE  runs  have  period  T  =  5.12  s,  and 
resolution  At  =  20  ms,  that  is  reduced  to  10  ms  by  zero  padding.  Each  run  uses  about  50 
minutes  of  CPU  time  on  a  desktop  computer:  a  DEC  Alpha  3000/ 600S,  or  a  Sun  SparcStation 
10  having  one  processor.  This  is  about  4.5  times  slower  than  real  time.  One  must  remember, 
however,  that  the  broadband  run  time  increases  quadratically  with  increasing  range  since 
both  the  number  of  frequencies  and  the  number  of  range  steps  increase  linearly  with  range, 
for  fixed  bandwidth.  Thus  broadband  runs  to  truly  global  ranges  are  considerably  slower 
than  real  time  on  current  desktop  computers. 

To  detmnine  the  absolute  accuracy  of  the  new  cq- insensitive  parabolic  approximation, 
we  consider  the  pulse  response  function  shown  in  Fig.(2c),  where  both  the  source  and  re¬ 
ceiver  were  on  the  axis  at  depth  600  m  and  separated  by  1000  km  in  range.  An  overlay 
comparison  with  the  corresponding  piilse  response  fimction  computed  with  the  KRAKEN 
normal  mode  model  showed  no  discemable  difference  for  the  dynamic  range  plotted  (40  dB). 
We  therefore  developed  a  “peak  finding  routine'’,  using  three  point  quadratic  interpolation, 
that  automatically  computes  values  of  transmission  loss  and  corresponding  travel  times  of 
all  peaks  that  are  down  less  than  30  dB  from  the  highest  peak. 

Both  acoustic  models  give  twenty  four  peaks  that  can  be  seen  in  Fig.(2c).  The  first 
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Peak  KRAKEN  I  NEW  UMPE 


# 

Time(8) 

rL(dB) 

Time{8)  Time(m8) 

TL(dB) 

TL(dB) 

1 

672.4944 

120.3 

672.4929 

(-1.5) 

121.9 

(1.6) 

2 

672.6941 

112.2 

672.6923 

(-1.8) 

112.8 

(0.6) 

3 

672.8913 

117.1 

672.8890 

(-2.3) 

117.4 

(0.3) 

4 

673.6713 

116.7 

673.6696 

(-1.7) 

117.1 

(0.4) 

5 

673.8334 

109.3 

673.8316 

(-1.8) 

109.7 

(0.4) 

6 

673.9897 

115.7 

673.9877 

(-2.0) 

116.0 

(0.3) 

7 

674.5263 

115.8 

674.5255 

(-0.8) 

116.1 

(0.3) 

8 

674.6547 

109.1 

674.6537 

(•10) 

109.4 

(0.3) 

9 

674.7791 

114.6 

674.7773 

(-1.8) 

114.9 

(0.3) 

10 

675.1134 

117.7 

675.1124 

(-1.0) 

117.9 

(0.2) 

11 

675.2044 

111.4 

675.2035 

(-0.9) 

111.6 

(0.2) 

12 

675.2941 

116.8 

675.2927 

(-1.4) 

117.1 

(0.3) 

13 

675.5475 

114.5 

675  '^168 

(-0.7) 

114.7 

(0.2) 

14 

675.6216 

108.0 

675.6208 

(-0.8) 

108.2 

(0.2) 

15 

675.6900 

115.7 

675.6896 

(-0.4) 

116.3 

(0.6) 

16 

675.8059 

116.0 

675,8049 

(-1.0) 

116.0 

(0.0) 

17 

675.8434 

110.1 

675.8438 

(0.4) 

109.8 

(-0.3) 

18 

675.8834 

117,6 

675.8831 

(-0.3) 

117.4 

(-0.2) 

19 

675.9934 

104.4 

675.9921 

(-1.3) 

104.5 

(0.1) 

20 

676.0909 

113.1 

676.0875 

(-3.4) 

113.2 

(0.1) 

21 

676.1619 

104.3 

676.1624 

(0.5) 

104.3 

(0.0) 

22 

676.2191 

110.5 

676.2209 

(1.8) 

110.5 

(0.0) 

23 

676.2609 

119.2 

676.2635 

(2.6) 

117.8 

(-1.4) 

24 

676.3266 

96.1 

676.3255 

(-1.1) 

96.0 

(-0.1) 

Table  2:  Interpolated  values  at  peaks  with  differences  in  parentheses,  for  a  source  depth  of 
600  m,  a  receiver  depth  of  600  m,  and  a  separatitHi  of  1000  km. 


eighteen  peaks  occur  in  six  groups  of  three  that  correspond  to  ray-like  arrivals.  The  last  six 
peaks  correspond  to  interference  of  unresolved  ray  multipaths  or  to  low  order  normal  modes 
arrivals.  Interpolated  values  of  travel  time  in  seconds  and  TL  in  units  of  dB  re  1  m  of  these 
twenty  four  peaks  are  listed  in  Table  2.  Differences  between  the  two  models  are  listed  in 
parentheses  with  travel  time  differences  in  milliseconds. 

FVom  the  values  listed  in  Table  2,  the  mean  travel  time  difference  of  the  twenty  four 
peaks  is  —0.9  ms,  with  UMPE  predicting  slightly  earlier  travel  times  on  the  average.  The 
mu  travel  time  difference  is  1.5  ms.  The  mean  amplitude  difference  is  0.2  dB,  with  UMPE 
predicting  slightly  smaller  amplitudes,  or  greater  transmission  loss,  on  the  average.  The  rms 
amplitude  difference  is  0.5  dB.  Both  the  KRAKEN  and  UMPE  models  contain  numerical 
errors  due  to  truncation  and  round-off  that  may  account  for  some  of  this  difference.  Thus  the 
accuracy  of  the  new  co-insensitive  parabolic  approximation  n  ay  be  good  enough  to  satisfy 
the  requirements  for  long  range  acoustic  tomography. 

In  order  to  ensure  numerical  convergence  of  the  UMPE  model,  the  computational  mesh  is 
refined  by  halving  the  range  step  to  200  m  and  doubling  the  transform  size  in  depth  to  2048. 
Again  halving  the  range  step  to  100  m,  no  change  in  travel  time  is  found  to  the  reported 
precision  of  0.1  ms,  and  no  change  of  amplitude  is  found  to  the  reported  precision  of  0.1  dB. 
The  values  given  in  Table  2  for  the  UMPE  model  were  obtained  from  the  fully  converged 
run.  For  the  courser  mesh  values  used  to  produce  the  figures  and  for  which  run  times  were 
reported  above,  travel  time  differences  increased  by  about  an  additional  ms  on  the  average. 
The  resulting  travel  time  predictions  are  still  within  the  accuracy  limitations  imposed  by 
knowledge  of  the  ocean  environment. 

It  is  instructive  to  compare  the  travel  time  of  the  last  peak  {t  =  676.326  s,  from  Table  2) 
to  that  predicted  by  a  ray  model.  For  this  axis-to-axis  propagation  problem,  there  is  one 
eigenray  that  travels  directly  down  the  axis  of  the  sound  channel  with  the  axial  sound  speed 
(ca  s  1578.51  m/s,  from  Table  1).  At  range  1000  km,  the  predicted  travel  time  of  the  axial 
ray  is  t  s  676.357  s,  which  is  31  ms  greater  than  the  full-wave  prediction.  Evidently,  the 
last  peak  predicted  by  the  full-wave  models  corresponds  to  the  lowest  normal  mode  that 
has  a  group  speed  greater  than  the  axial  sound  speed.  In  fact,  the  inferred  group  speed  is 
1478.58  m/s,  which  is  slightly  greater  than  the  axial  sound  speed. 

We  briefly  studied  sensitivity  of  the  full-wave  UMPE  model  predictions  of  travel  time  to 
small  changes  of  the  sound  speed  profile  caused  by  smoothing  the  profile.  Instead  of  assuming 
that  the  sound  speed  is  piecewise  linear  as  above,  we  employ  the  traditional  smoothing  filter 
^>plied  to  the  fine  PE  mesh  after  interpolating  values  of  soimd  speed  between  tabulated 
points.  One  iteration  of  this  smoothing  filter  applies  a  running  average  of  three  neighboring 
mesh  points  with  1-2-1  relative  weights.  A  second  iteration  gives  a  miming  average  of  five 
neighboring  mesh  points  with  1 -4-6-4- 1  relative  wdghts,  and  so  forth.  The  effect  of  this 
k>w-paM  “Pascal"  filter  is  to  increase  values  of  sound  speed  near  the  minimum  at  the  sound 
channel  axis  and  to  decrease  them  far  away  from  the  axis.  Two  iterations  of  this  filter,  the 
traditmnal  UMPE  default,  gives  a  maximum  change  of  sound  speed  on  the  PE  mesh  less 
than  0.02  m/s  near  the  axis  and  much  less  farther  away.  This  is  well  within  the  uncertainty 
of  sound  speed  profile  measurements. 

An  UMPE  noodel  mn  to  range  1000  km  with  this  smoothed  profile,  displayed  in  Fig.  (4), 
is  compared  to  an  identical  run  with  the  unsnooothed  profile,  displayed  in  Fig.  (2).  For 
the  receiver  depth  of  600  m,  twenty  two  of  the  twenty  four  peaks  are  foimd  to  correspond; 
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one  peak  disappears  and  one  new  peak  appears.  Travel  time  differences  of  the  twenty  two 
corresponding  peaks  varied  up  to  about  db  2  ms,  with  later  peaks  arriving  predictably  earlier 
and  early  peaks  arriving  predictably  later.  Since  the  smoothed  profile  is  just  as  good  if  not 
better  than  the  unsmoothed  profile  as  a  representation  of  the  measured  data,  we  conclude 
that  it  is  futile  to  try  to  predict  travel  times  with  accuracy  better  than  a  few  milliseconds  to 
range  1000  km  in  the  frequency  band  between  50  Hz  and  100  Hz. 

Possible  errors  introduced  by  the  new  cn-insensitive  parabolic  approximation  certainly 
fall  within  this  tolorance  envelope.  Thus  the  accuracy  of  travel  time  predictions  made  by  the 
new  UMPE  acoustic  model  are  limited  by  the  accuracy  and  resolution  of  the  environmental 
data  that  are  put  into  the  model,  and  not  by  possible  errors  introduced  by  the  new  parabolic 
approximation. 

In  order  to  demonstrate  the  efficiency,  stability  and  robustness  of  the  new  broadband 
UMPE  model,  we  make  runs  for  the  test  case  to  ranges  2000  km,  4000  km,  and  8000  km.  In 
all  cases  the  transform  size  in  depth  is  =  1024  and  the  range  step  is  400  m.  For  range  2000 
km,  the  number  of  frequencies  is  doubled  to  Nf  =  512;  for  range  4000  km,  this  is  doubled 
again  to  Nj  =  1024;  and  for  range  8000  km,  we  use  Nj  =  2048.  In  all  cases,  the  plots  of  pulse 
response  functions  are  very  “clean”  down  to  more  than  50  dB  below  the  largest  peak.  For 
example,  Fig.  (5)  displays  the  wavefronts  produced  by  UMPE  for  range  4000  km  and  source 
depth  of  600  m.  No  signs  of  numerical  noise  or  “incoherence”  are  observed,  in  contrast  to 
the  report  of  Boden  et  al.l^J  for  the  same  case.  It  appears  that  the  “Navy  Standard”  PE 
model  used  by  Boden  et  al.1^1  is  not  only  inaccurate  but  also  has  other  defects  that  cause 
the  “incoherence”  observed  with  that  model. 

Wavefronts  of  the  UMPE  run  to  range  8000  km  (source  depth  600  m)  are  shown  in  Fig.(6), 
and  pulse  response  functions  at  five  receiver  depths  are  shown  in  Fig.(7).  Travel  times  are 
seen  to  spread  over  thirty  seconds  with  more  than  150  clearly  resolvable  peaks.  Early  arrivals 
are  again  seen  to  be  ray>like,  while  late  arrivals  are  definitely  mode-like.  This  run  to  range 
8000  km  requires  about  52  hours  of  CPU  time  on  the  desktop  computers  mentioned  above. 

VI.  DISCUSSION 

A  new  parabolic  approximation  provides  pulse  responses  computed  with  smooth  sound 
speed  profiles  that  are  within  a  few  milliseconds  of  the  delays  computed  with  an  exact  solution 
of  the  wave  equation  over  a  1000  km  section  of  the  ocean  for  pulses  centered  at  75  Hz  having 
a  time  resolution  of  20  ms.  The  accuracy  of  the  new  pau-abolic  approximation  stems  from 
the  fact  that,  unlike  other  parabolic  approximations,  it  is  insensitive  to  a  reference  speed  of 
sound  and  it  is  insensitive  to  the  launch  angles  of  acoustic  multipaths  from  the  source.  In 
particular,  the  fact  that  the  new  operator  approximation  includes  the  second  order  “cross 
term”,  neglected  in  the  T-C  approximation,  that  combines  the  two  first  order  operators, 
and  n{z,  r)  —  1,  leads  to  the  observed  improvement  in  accuracy  of  predicted  travel  time.  The 
new  approximation  obeys  reciprocity  and  conserves  energy. 

The  limits  of  accuracy  of  the  new  parabolic  approximation  need  to  be  examined  fur¬ 
ther.  If  the  time  delays  and  amplitudes  are  accurate  for  other  acoustic  frequencies  and  for 
longer  distan'^es  of  propagation  through  sound  speed  fields  that  also  depend  on  range  due  to 
mesoscale  structure  for  example,  then  this  new  model  may  be  an  effective  method  for  com¬ 
puting  finite  frequency  solutions  of  the  wave  equation  for  realistic  oceanic  conditions.  The 
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new  approximation,  like  other  parabolic  approximations,  does  not  assume  that  the  acoustic 
propagation  be  adiabatic.  It  may  be  applied  to  oceans  with  rough  surfaces  and  uneven  and 
lossy  bottoms  over  a  wide  range  of  acoustic  frequencies. 
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APPENDIX.  IMPLEMENTATION  ALGORITHMS 

Explicit  algorithms  that  were  used  to  implement  the  tilde  transformation  are  given  in 
this  appendix.  At  each  of  a  set  of  ranges,  r  =  r/,  the  sound  speed  profile  is  given  as  a 
table  containing  the  pairs  (2j,Cj),j  =  1,...,7V,.  The  depths  Zj  are  constrained  by  zi  =  0, 
Zj+i  >  Zj  and  zn,  =  h{ri),  where  h{ri)  is  the  water  depth  at  range  r/.  Also,  N,  may  depend 
on  /.  There  is  no  constraint  on  the  corresponding  sound  speeds  Cj,  except  of  course  that 
they  must  be  positive.  The  UMPE  model,  unlike  many  normal  mode  and  ray-based  models, 
has  no  difficulty  with  very  complicated  sound  speed  profiles.  This  has  been  a  traditional 
strength  of  acoustic  models  based  on  parabolic  approximations. 

From  Eq.(25),  assuming  that  c{z)  is  piece-wise  linear  between  tabular  points,  we  obtain 

Zj  =  2v^;C(v^-  -  Zi.i)/ici  -  Ci.i).  (53) 

ia2 

Since  this  formula  is  singular  if  Ci  =  c,_i,  it  is  better  to  write  it  as 

=  (54) 

i=2 

that  cannot  be  singular.  A  recursion  formula  is  Z]  =0,  and 

Zj  =  Zj-i  +  2y/c^{zj  -  Zj.y)! {y/cj  v'cJIT),  j  =2,..., N,.  (55) 

The  reference  sound  speed  at  range  r/  is  computed  from  the  condition  that  is,  =  h(n).  This 
yields 

co(rj)  = 

The  tilde  tr2uisformation  is  completed  by  specifying 

Cj  =  Cj.  (57) 

Thus  at  each  of  the  ranges  n,  we  compute  co(r/)  and  then  construct  the  new  table  (%,Cj). 

Next  we  transform  source  and  receiver  depths.  We  do  this  by  computing  z  that  corre¬ 
sponds  to  the  given  z  at  each  each  range  rj  and  then  linearly  interpolating  in  range  between 


/»(n)  S 


(56) 
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the  two  nearest  ranges  where  the  tabulated  profiles  are  given.  Suppose  that  <  z  <  zj  . 
Define  the  fraction 


/,  =  (z  -  Zy-,)/(z,  -  Zy-i). 


(58) 


We  then  compute 


2  =  Zj.i  +  +  y/^)fr(Zj  -  +  y/^),  (59) 

where 

=  /rCj  +  (l-/r)Cj-i.  (60) 

Next  we  need  to  interpolate  c(z)  onto  the  PE  mesh  at  each  range  r/.  We  use  the  traditional 
staggered  mesh: 

Zk  =  (k-.5)Az,k  =  l,2,...,Nj/2,  (61) 

where  Nj  is  the  total  number  of  points  in  the  DFT,  and  the  other  Nj/2  points  are  in  the 
image  that  is  used  to  satisfy  the  surface  boundary  condition.  We  wzmt  to  compute 


Suppose  that 
Then 


Cfc  =  c(zfc)  =  c(Zk). 


Zj~i  <h<zj. 


(62) 

(63) 


Define  the  fraction 


Zj’-l  <Zk<  Zy 


(64) 


fk  =  (h  -  (65) 

This  quantity  is  known,  and  we  invert  the  above  mapping  from  r  to  z  to  obtain  zjt  and  then 
c(zfc)  =:  c(zfc).  The  result  is 


Ck{ri)  =  Cj-3  +  gk(cj  -  Cj_i), 


(66) 


where  the  fraction  gk  is  given  in  terms  of  the  fraction  /*  by 

fk 


9k  = 


"b  y/Cj-l 


(67) 


It  is  amusing  to  note  that  the  tilde  trmsform  requires  that  c(z)  varies  quadratically  between 
tabular  points  if  it  is  assumed  that  c(z)  varies  linearly  between  tabular  points. 

Finally,  we  need  to  compute  the  transformed  sound  speeds  on  the  fine  PE  mesh  at  range 
r,  where  r/_i  <  r  <  rj.  We  use  the  traditional  linear  interpolation  in  range  at  fixed  depth. 
Define  the  fraction 

fv  =  (r-  r/_i)/(r,  -  n_i).  (68) 

Then  we  compute 


c*(r)  =  c*(n_i)  +  fv[c{ri)  -  c(r/_,)],  fc  =  1, . . . ,  NJ2.  (69) 


Also  the  reference  sound  speed  at  range  r  is  computed  as 

co(r)  =  co(r,_i)  +  /„[co(r,)  -  co(r/_i)]. 


(70) 
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and  the  receiver  depths  at  range  r  are  computed  as 


z(r)  =  -  Hn-i)]-  (71) 

These  algorithms  have  been  implemented  in  the  UMPE  model.  This  model  efficiently 
computes  full-wave  ct)-insensitive  predictions  of  travel  times  for  long  range  propagation  in 
very  complicated  range  dependent  environments. 
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FIGURE  CAPTIONS 


FIG.  1.  The  wavefront  at  range  1000  km  computed  with  the  new  UMPE  model  for:  A)  a 
source  depth  of  600  m;  and  B)  a  source  depth  of  400  m.  The  greyscale  is  TL  between  90 
dB  (black)  and  140  dB  (white). 

FIG.  2.  The  pulse  response  function  at  range  1000  km  computed  with  the  new  UMPE 
model  for  a  source  depth  of  600  m  and  a  receiver  depth  of:  a)  400m',  b)  500  m;  c)  600  m;  d) 
800  m;  and  e)  1000  m. 

FIG.  3.  The  pulse  response  function  at  range  1000  km  computed  with  the  new  UMPE 
model  for  a  source  depth  of  400  m  and  a  receiver  depth  of:  a)  400m;  b)  500  m;  c)  600  m;  d) 
800  m;  and  e)  1000  m. 

FIG.  4.  The  pulse  response  function  at  range  1000  km  computed  with  the  new  UMPE 
model  using  a  slightly  smoothed  profile  for  a  source  depth  of  600  m  and  a  receiver  depth  of: 
a)  400m;  b)  500  m;  c)  600  m;  d)  800  m;  and  e)  1000  m. 

FIG.  5.  The  wavefront  at  range  4000  km  computed  with  the  new  UMPE  model  for  source 
depth  of  600  m.  The  greyscale  is  TL  between  100  dB  (black)  and  150  dB  (white). 

FIG.  6.  The  wavefront  at  range  8000  km  computed  with  the  new  UMPE  model  for  source 
depth  of  600  m.  The  greyscale  is  TL  between  100  dB  (black)  and  150  dB  (white). 

FIG.  7.  The  pulse  response  function  at  range  8000  km  computed  with  the  new  UMPE 
model  for  a  source  depth  of  600  m  and  a  receiver  depth  of:  a)  400m;  b)  500  m;  c)  600  m;  d) 
800  m;  and  e)  1000  m. 
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I.  Summary 

The  FSU  Tasks  and  Deliverables  are  now  on  schedule.  We  have  completed  the  writing  of 
a  manuscript  detailing  the  travel  time  anomaly  (TTA)  estimates  using  a  reduced-gravity 
model  (Deliverable  B4)  of  the  northeast  Pacific  Ocean.  It  is  shown  that  the  TTAs  over 
geodesic  paths  below  about  40N  have  interannual  variations  controlled  mostly  by  Rossby 
waves  coming  off  the  American  coast.  Above  this  latitude,  Rossby  waves  are  very  weak  and 
the  TTA  is  dominated  by  sudden  changes  in  wind-stress  curl.  Additionally,  we  hypothesize 
that  the  1976-77  climate  shift  in  the  Pacific  is  related  to  the  presence  of  Rossby  waves.  This 
is  detailed  in  a  progress  report  (included  herein). 

As  part  of  our  contribution  to  Ta'-k  B5,  we  have  designed  an  acoustic  tomography  assim¬ 
ilation  scheme  for  a  similar  model,  but  with  spatially  variable  density.  An  optimal  control 
method  is  used  to  assimilate  tomographic  data  into  an  ocean  model  with  the  goal  of  es¬ 
timating  the  time  independent  density  field  in  the  upper  northeast  Pacific  ocean.  Coding 
and  testing  has  already  been  completed  on  the  forward  model  and  we  are  in  the  debug¬ 
ging  stage  for  the  adjoint  code.  A  technical  summary  of  the  technique  is  given  below.  The 
implementation  is  primarily  being  done  by  graduate  student  Mr.  Ming  Liu. 

Deliverable  B5  -  the  plan  for  monitoring  the  Pacific  Ocean  for  long  term  change  -  is 
incorporated  into  the  reports  on  Deliverable  B4  and  Task  B5.  Additional  details  should 
emerge  as  we  gain  experience  with  the  new  numerical  models. 


II.  Deliverable  B4 

See  attached  progress  report. 

III.  Task  B5 

Data  assimilation  is  a  technique  combining  model  dynamics  and  data  to  create  an  output 
which  is  more  accurate  than  the  model  or  data  alone.  Data  assimilation  schemes  may  be 
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classified  in  three  ways:  (1)  variational  (adjoint)  methods,  (2)  optimal  interpolation  (01) 
methods,  and  (3)  successive  corrections.  They  are  used  extensively  in  meteorology  and 
increasingly  in  oceanography.  Anderson  and  Willebrand  [1989]  contains  a  number  of  articles 
on  the  theory  and  application  of  data  assimilation  in  ocean  models,  using  both  the  variational 
approach  and  others.  A  recent  comprehensive  article  by  Ghil  and  Malanotte-Rizzoli  [1991] 
also  summarizes  the  data  assimilation  in  ocean  models. 


Model 


The  reduced  gravity  model  of  the  northeast  Pacific  (NEP)  has  been  descrbied  in  our  previous 
reports.  For  this  next  stage  of  research,  we  shall  investigate  horizontal  variations  in  the  upper 
layer  density  p  =  p(0, 6)  which  can  be  estimated  through  assimilation  of  tomographic  data 
using  the  variational  adjoint  method.  The  goal  is  to  reveal  the  thermohaline  structure  not 
included  in  the  reduced-gravity  models. 

We  need  to  assume  that  the  fluid  is  Boussinesq  which  allows  us  to  neglect  density  vari¬ 
ations  in  the  momentum  equations,  except  when  coupled  with  gravitational  acceleration. 
We  also  assume  fluctuations  in  the  density  are  the  result  of  thermal  variations  [Spiegel  and 
Veronis  [I960]. 

The  variables  U  =  uh  and  V  =  vh  are  the  transports  in  the  east  and  north  directions, 
respectively,  where  (u,  v)  axe  the  depth-independent  velocity  components  in  the  upper  layer 
and  h  the  upper  layer  thickness  (ULT).  The  density  field  p{4>,  6)  in  the  upper  layer  is  treated 
as  a  model  parameter,  which  will  be  determined  by  the  data  assimilation  process. 

The  model  equations  are: 


r.  9U 
Eu  =  + 


dt  acos9d<i> 


gh^ 


a  cos  9  d4> 


-  "37  + 


Po 
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_ dp 

2poa  cos  9  d4> 


=  0 


dt  '  acos9d4>  ( 
a  d9  Po  2poad9 
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gfi^  dp 


=  0 


Eh  = 


dh  1 
dt  a  cos  9 
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|^  +  |(Vcos^)}  = 


(1) 

(2) 

(3) 


where  A  is  an  eddy  viscosity  coeflScient,  a  is  the  radius  of  the  Earth,  and  Q  is  the  Earth’s 
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rotation  rate,  c  is  defined  by 


c 


(H  -  h)h 
H 


where  H  =  H{4>,6)  is  the  total  depth  of  ocean,  the  reduced  gravity  ^  c  can  be 

easily  recognized  as  the  local  phase  speed  of  the  baxoclinic  mode. 


Acoustic  travel  time  anomalies 

The  estimate  of  acoustic  travel  time  anomalies  (ATTA)  using  a  reduced-gravity  model  has 
been  discussed  in  our  previous  reports.  We  summarize  that  the  ATTA  at  time  t  =  tj  due  to 
anomalies  in  ULT  over  path  i  is  to  first  order 

Tij  «  Tio-J~ds 

=  Tio  —  Or  J_{h  —  ho)ds 

=  j\^-CT(h-K)]ds 

=  ^  1^  -  <y(A  -  /io)IA‘(x)ito 

=  m]  (4) 

where  or  =  is  the  unperturbed  sound  speed,  Ft  =  ffds  is  the  arc  length  of  the 

path  i,  S,  indicates  the  space  domain,  A’(x)  =  5{<l>  —  <f>i)cos9i^  is  the  deJtarlike  func¬ 
tion  along  the  i  the  path  where  tomography  data  exists,  Tio  is  the  mean  travel  time  and 
a,  P,$andDareconstants. 

Unfortunately  there  will  be  no  long-term  ocean  tomographic  data  available  until  1995,  so 
we  choose  to  perform  so-called  identical  twin  experiments.  Given  a  density  distribution  Po, 
such  as  climatologic  data,  we  run  the  model  with  Po  and  calculate  the  ATTAs  with  [Eq.  (4)]; 
reinitializing  the  initial  p  by  adding  a  perturbation  6p,  we  tub  minimization  scheme  in  an 
effort  to  recover  the  original  p„. 


Variational  analysis 

A  cost  function  must  be  defined  which  measures  the  distance  between  the  observation  and 
the  corresponding  model  outputs  to  apply  the  optimal  control  method.  In  this  study,  the 
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oceanic  tomography  d&ta,  will  be  used.  The  density  field  6,  t)  in  the  upper  layer  is  treated 
as  a  model  parameter,  which  will  be  determined  by  the  data  assimilation  process. 

In  a  least-square  sense,  the  cost  function  J  is  chosen  as: 

=  f  ?  i'  [X.  -  *") + i^^i) 

+tJ^  ^[p(x)  -  p{x)]^da  (5) 

where  the  subscript  i  denotes  a  section  between  the  i  th  pair  between  a  source  and  a  receiver, 
the  superscript  *  observed  data,  T"  corresponding  to  7^  and  Tjo,  and  the  tilde  ~  estimated 
values.  Kt  is  the  inverse  of  the  observation  rms  error  if  the  errors  in  the  data  are  uncorrelated 
and  equally  weighted  and  Kp  is  a  computational  weight. 

The  momentum  equations  and  the  conservation  of  mass,  which  are  the  strong  constraints 
can  be  enforced  by  introducing  the  Lagrange  multipliers.  This  leads  to  the  formulation  of 
the  associated  Lagrange  function: 

L{S,A,p)  =  J{T,p)  +  j  A^E{S,x,t,p)da  (6) 

» s 

where 

S{x,t)  =  {U,V,hf 
A  — 

E(S,x,t,p)  =  {Eu,Ev,Ehf 


A«,Av,and  A/,  are  the  Lagrange  multipliers  for  the  strong  constraints,  E„,  E^  and  £*„  are 
[Eq.  (1),  Eq.  (2)]  and  [Eq.  (3)]. 

The  first  variations  of  L  [Eq.  (6)]  with  respect  to  As  give  the  original  model  transport 
equations.  Letting  the  first  variations  of  L  [Eq.  (6)]  with  respect  to  U,  V,  and  h  vanish,  give 
the  adjoint  equations: 
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‘>11—  A- 

a  cos  6 

d(i>^  ^  de^ 

1 

acosO 

1 

'  d  d  A 

acosd 

The  adjoint  equations  are  similar  to  the  model  equations,  except  that  the  diffusion  terms 
in  the  adjoint  equations  has  the  opposite  sign  and  the  adjoint  equations  correspond  to  an 
evolution  backward  in  time  with  forcing  by  the  misfit  of  the  model  to  the  data.  The  Lagrange 
multipliers  serve  to  collect  information  from  the  data  and  propagate  it  back  to  the  initial 
time. 

The  condition  that  the  gradient  of  cost  function  J  respect  to  the  control  variable  p 
vanishes  is: 


VpJ  =  ifp(p(x)  -  p(x)] + 


2poaco&$ 


In  order  to  obtain  the  optimal  distribution  of  p,  the  model  equations  and  corresponding 
adjoint  equations  are  performed  iteratively  with  a  descent  algorithm  on  [Elq.  (10)].  The 
iteration  sequence  is:  (i)  starting  from  p'(x)  =  po['x)  +  Sp,  integrate  the  model  equations 
forward  from  t  =  0  and  calculate  the  ATTAs;  (ii)  integrate  the  adjoint  equations  backward 
in  time  from  r  to  0;  (iii)  find  a  new  distribution  of  p  which  minimizes  the  gradient  of  the 
cost  function  [Eq.  (10)];  (vi)  check  if  the  optimal  solution  has  been  found.  If  not,  repeat 
the  iterative  process  until  a  satisfactory  solution  has  been  found.  A  sufficient  number  of 
iterations  should  recover  Po(x). 

Since  our  problem  has  a  large  degree  of  freedom  (a  large  number  of  control  variables 
10^),  conjugate-gradient  methods  and  limited-memory  quasi-Newton  methods  [Navon 
and  Legler,  1987]  and  Zou  et  aJ.  [1993]  are  the  most  efficient  algorithms  and  will  be  used  in 
this  work. 
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NRL-SSC 

QUARTERLY  REPORT 
APR -JUN,  1994 


A  revised  paper  on  the  discovery  of  a  decadal  impact  of  the  1982-83  El 
Nino  on  the  nordiem  Pacific  was  completed  and  is  now  in  press  in  Nature. 

In  an  invited  talk  H.  Hurlburt  presented  these  results  at  the  Earth  System 
Modeling  Workshop  sponsored  by  the  U.S.  Global  Change  Research  Program. 
This  was  a  multi-agency  science  policy  oriented  workshop.  They  were  also 
presented  at  a  meeting  of  multinational  North  Pacific  Marine  Science 
Organization  (PICES)  Working  Group  on  Modeling  of  the  Sub  Arctic  of  the 
North  Pacific  circulation  and  in  a  seminar  at  the  Peni«ylvania 
StateUniversity.  While  at  Penn  State,  H.  Hurlburt  had  discussions  with 
several  GAMOT  project  members. 


The  five-year  tracks  of  194  SSAR's  simulated  by  the  1/8°  NRL  Pacific 
Ocean  model  were  plotted.  The  simulated  SSAR's  extended  to  550m  depth 
and  covered  1985-90.  They  were  released  in  the  region  20-50°N  and  east  of 
160°W.  All  of  the  drifting  SSAR’s  stayed  in  this  general  region  for  at  least  one 
year.  Those  released  35-45°  N  or  east  of  140°  W  stayed  in  the  region  for  all  5 
years.  However,  the  northernmost  were  caught  up  in  the  Alaskan  Stream 
and  the  southernmost  in  the  North  Equatorial  Current  and  travel  trans-basin 
distances  in  5  years.  Paula  Taliancich,  a  very  bright  engineering  student,  was 
hired  for  the  simuner  to  perform  more  detailed  analyses  on  the  statistics  of 
SSAR  movement  within  a  year  and  some  initial  results  were  produced. 


Complete  model  output  from  two  1/8°  NRL  Pacific  model  simulations 
(run  1981-93)  were  sent  to  Mark  Johnson  at  the  University  of  Alaska  and 
Robert  Moorhead  from  Mississippi  State  visited  NRL-SSC  to  show  and 
discuss  their  visualization  efforts  on  the  1/8°  NRL  Pacific  Ocean  model 
simulations. 


Work  funded  by  Navy  sponsors  which  benefits  GAMOT  (Apr-  Jun  94). 

A  paper  on  the  1/8°  NRL  Pacific  Ocean  model  simulations  and  the 
dynamics  of  the  Kinoshio/Oyashio  current  system  was  completed  and 
submitted  to  JGR-Oceans.  The  NRL  model  is  unique  in  having  1/8° 
resolution  and  in  realistically  simulating  the  mean  path  of  the 
Kuroshio/Kuroshio  Extension  and  its  separation  from  the  coast  of  Japan. 


The  NRL  "DART*  data  assimilation  group  performed  a  3-month 
demonstration  of  data  assimilative  version  of  the  1/8°  NRL  Pacific  model 
north  of  20°S.  This  is  the  first  ever  such  demonstration  for  an  eddy-resolving 
model  over  a  basin-scale  domain.  Satellite  IR  frontal  locations,  satellite 


altimetry  from  ERS-1  and  TOPEX/POSEIDON,  and  wind  and  head  flux 
forcing  were  the  data  types  assimilated.  The  final  output  product  was  4-D 
temperature,  salinity,  currents  and  sound  speed  at  high  horizontal  &  vertical 
resolution.  When  verified  against  about  1000  independent  (unassimilated) 
contemporaneous  hydrographic  profiles,  overall  the  results  were  8%  better 
than  climatology  in  nowcast  mode  and  forecasts  of  the  axis  of  the  Kuroshio 
Extei\sion  were  better  than  persistence  (a  forecast  of  no  change)  for  6  days. 
Based  on  this  first  attempt,  numerous  opportimities  for  improvement  were 
noted. 

The  wind-driven  only  versions  of  the  1/8°  NRL  Pacific  model  nm 
1981-93  were  verified  using  monthly  IGOSS  sea  level  time  series  from  66 
locations.  The  correlations  were  generally  high  in  the  GAMOT  region  of 
interest  (sea  level  stations  along  the  North  American  coast  from  California  to 
the  Aleutian  peninsula  of  Alaska).  Simulation  of  interannual  variability  was 
verified  by  using  a  1-year  running  mean  on  the  time  series.  The  1982-83, 
1986-87,  and  1991-92  El  Ninos  were  evident  in  the  1-year  running  means  as  far 
as  the  Aleutian  peninsula  in  both  the  data  and  the  model.  The  highest 
correlation  in  each  category  was  .90  for  Neah  Bay,  Washington  using  the  30- 
day  means  and  .92  for  Petropavlovsk,  Russia  on  the  Kamchatka  peninsula  for 
the  1-year  miming  means. 


TASK  B 


OCEAN  MODELING 


Xaterannual  Variability 

Tbe  Univenity  of  Alaska  effort  has  been  driven  by  the  hypothesis  that  coastal  Kelvin  waves  propagating 
poleward  along  the  U.S.  west  coast  leave  it  and  propagate  westward  as  Rossby  waves  at  the  interannual  time 
scale  of  El  Ninoand  significantly  alter  the  temperature  structure  of  the  upper  ocean  in  a  way  detectable  to 
acoustic  thermometry.  Offshore  propagating  Rossby  waves  were  found,  using  EOF’s  as  basis  functions,  to 
account  for  as  much  as  60%  of  the  observed  pattern  in  temperature  distributions  in  the  northeastern  Pacific 
(Shriver  ti  at.,  (1991).  To  extend  this  work,  a  quantitative  relation  is  needed  between  the  reduced  gravity 
model  variable  Upper  Layer  Thickness  (ULT)  and  the  observed  temperature  at  300m.  With  such  a  relation, 
we  can  begin  to  subtract  natural  variability  and  increase  data  sensitivity  toward  detection  of  climate  change. 

We  assume  that  temperature  at  300m  is  related  to  the  relative  temperature  in  the  upper  kilometer  for 
low  frequency  dynamics.  The  Kelvin-Rossby  wave  solution  from  the  reduced  gravity  model  of  Johnson  and 
O’Brien  (1990)  has  been  extended  through  1989  at  Florida  State  University,  and  we  h  i  now  analyzed  it  from 
I960  through  1989  to  quantify  the  relationship  between  the  model’s  ULT  and  observed  ocean  temperature 
at  300m. 

We  have  used  observed  temperatures  at  300m  from  XBTs  launched  between  June  1976  and  November 
1984  and  the  model  ULT  along  three  geodesic  p^hs  (tracks  1,2,  and  3  in  Figure  1).  Each  path  was  analyzed 
independently  to  find  the  linear  relation  between  temperature  and  ULT.  After  subtracting  the  long-term 
mcmthly  means  to  remove  the  annual  signal,  we  found  similar  linear  relationships  for  all  three  tracks.  ULT 
from  the  reduced  gravity  model  was  converted  to  temperature  anomaly  using  this  linear  relationship  for  the 
central  eastern  Pacific  bounded  by  the  geodesic  tracks.  We  selected  the  tracks  and  this  region  because  we 
sranted  to  compare  model  predicted  temperature  changes  with  the  travel  time  experiments  done  in  the  late 
1980’s  that  have  been  discussed  by  Spiesberger  and  Metsger  (1992). 

We  find  that  the  tonperature  anomalies  predicted  by  the  reduced  gravity  model  using  the  linear  function 
to  map  ULT  to  temperature  produces  aiKHnalies  at  300m  ranging  between  0.02  to  0.06*C.  The  acoustic 
thermometer  data  fmm  Spiesberger  and  Metsger  (1992)  shows  the  integrated  ocean  temperature  change 
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expected  in  the  upper  km  to  be  between  0.031  and  0.058"C.  Figure  2  shows  contour  plots  of  the  predicted 
temperature  anomaly  from  the  reduced  gravity  model  for  the  times  surrounding  the  largest  change  in  observed 
travel  times  from  the  travel  time  experiments  (January  through  May,  1988).  The  Kelvin  wave  solution  alone 
accounts  for  a  very  signiiicant  portion  of  the  change  in  temperature  observed  during  the  acoustic  experiments. 

This  result  is  important  because  it  strengthens  one  of  the  early  suggestions  about  the  physics  modifying 
ocean  temperature  and  the  associated  changes  in  travel  times.  If  this  hypothesis  is  true,  it  also  links  the 
Kelvin  wave-Rossby  wave  dynamics  of  El  Nino  to  hrst  order  changes  in  travel  times.  Further,  if  the  model 
results  explain  a  significant  portion  of  the  observations  from  the  acoustics  work,  then  we  can  begin  to  subtract 
these  known  signals  to  clarify  underlying  signals  that  may  be  related  to  climate  change. 

This  result  needs  to  be  refined  and  extended  beyond  the  straightforward  physics  of  the  reduced  gravity 
model.  To  that  end,  we  have  obtained  the  multi-layer  model  data  from  NRL  and  are  beginning  to  analyse 
it.  Our  effort  with  this  data  has  two  areas  of  focus.  First,  we  will  extend  and  refine  the  relation  found 
between  ULT  and  ocean  temperature.  Second,  we  will  begin  to  run  acoustic  “experiments”  in  the  model 
itself  to  determine  whether  climate  shifts  and  dynamical  changes  in  the  ocean  can  be  predicted  based  upon 
the  acoustic  travel  times.  This  approach  is  crucial  to  understanding  the  strength  of  acoustics  as  a  predictor 
of  climate  change,  and  important  in  determining  where  to  place  future  sources  and  receivers.  This  effort  is 
in  agreement  with  the  SERDP  objective  to  support  environmental  change  research  and  establish  enhanced 
strategies  for  detecting  such  changes. 

Seasonal  Variability 

One  data  source  common  to  the  acoustics  work  and  their  analyses  is  the  historical  ocean  data  set 
of  Levitus.  This  data  set  includes  long-term  means  of  ocean  variables  including  temperature.  For  the 
northeastern  Pacific,  it  contains  historical  profiles  of  temperature  across  the  basin.  The  data  are  often  used 
to  constrain  certain  models  to  the  historically  observed  temperature,  and  it  is  also  used  by  acousticians  to 
compute  certain  parameters  related  to  observed  or  expected  travel  times.  Because  this  data  set  is  key  to 
these  ccMnputations,  we  compared  it  to  the  XBT  temperatures  at  300m  described  above.  Figure  3  shows 
the  relation  between  temperature  extracted  from  Levitus  at  300m  versus  the  observed  temperature  at  300m 
based  on  XBT  data  for  two  tracks  for  four  seasons.  The  plots  show  the  seasonal  means  from  the  Levitus 
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d&ts  vetsuB  the  appropriate  bi-moDthly  mean  from  the  XBTs.  The  deviation  in  historical  temperature  can 
be  as  much  as  3*C  different  from  that  observed  during  the  summer  in  warmer  latitudes.  This  difference  has 
implications  for  both  the  models  and  the  acoustic  calculations. 

This  difference  between  historical  and  observed  temperatures  highlights  the  need  for  accurate  models 
to  predict  seasonal  changes  so  that  these  and  longer  time  scale  variability  can  be  removed.  The  remainder 
is  the  signal  that  should  contain  a  true  indicators  of  global  change.  This  approach  satisfies  the  SERDP 
objective  of  developing  forecast  systems  and  models  to  enhance  prediction  of  environmental  events. 

Johnson, M.,  J. O’Brien,  1990,  The  northeast  Pacific  Ocean  response  to  the  1982-1983  El  Nino,  J.  Geopbya. 
Ra.,  95,  7155-7166. 

Shriver,J,  M.Johnson,  J.O’Brien,  1991,  Analysis  of  remotely  forced  oceanic  Roesby  waves  off  California,  J. 
Geopbya.  Res.,  96,  749-757. 

Spiesberger,  J.,  and  K.Metxger,  1992,  Basin-scale  ocean  monitoring  with  acoustic  thermometers,  Oceanog- 
npky,  5,  92-98. 
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Figiure  1.  Map  of  the  northeast  Pacific  with  three  geodesics  tracks  analyzed  for  the  relation  betweoj 
the  reduced  gravity  model  Upper  Layer  Thickness  and  temperatures  at  300m 
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Figure  2.  Contour  of  temperature  anomalies  predicted  from  the  reduced  gravity  model  and  using 
the  linear  relation  between  ULT  and  temperature  at  300m.  Selected  times  correspond  to  the  travel  time 
experiments  discussed  by  Spiesberger  and  Metzger  (1992). 
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Figure  3.  Comparison  of  temperatures  from  the  historical  Levitus  data  set  with  the  observed  temper¬ 
atures  at  300m  from  XBTs.  The  difference  between  the  historical  and  observed  underscores  potential  bias 
in  using  these  data  for  predicting  travel  times  and  for  constraining  ocean  models. 
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Abstract 

Variations  in  the  thermocline  depth  of  the  northeast  Pacific  ocean  during  1970-1989 
are  investigated  using  a  reduced-gravity  numerical  model  forced  with  local  windstress 
and  a  coastal  Kelvin  wave  signal.  Three  experiments  are  presented:  wind  only,  Kelvin 
wave  only,  and  combined.  The  wind  forcing  g<merates  an  anticyclonic  gyre  circulation 
with  mostly  annual  variations.  The  Kelvin  waves  excite  Rossby  waves  near  the  coast 
that  propagate  into  the  basin  interior,  producing  upper  layer  thickness  anomalies  that 
last  for  years  after  the  Kelvin  signal  has  passed.  The  role  of  the  Rossby  waves  on  travel 
time  anomalies  for  acoustic  signals  (ATTA)  on  geodesic  paths  firom  Hawaii  to  the  north 
American  coast  are  calculated  using  the  scheme  of  Roed  [1994].  The  wind  forcing  produces 
nuunly  annual  variations  in  the  ATTAs,  except  for  the  high  latitude  paths  above  40‘’N  that 
exhibit  sudden  shifts  in  ATTA.  The  Rossby  waves  are  primarily  responsible  for  interannual 
variations.  Two  sequential  upwelling  Kelvin  waves  in  1973  and  1975  produce  Rossby  waves 
that  reduce  the  mean  upper  layer  by  approximately  10-20  m  during  1976  until  the  early 
19808.  It  is  suggested  that  the  previously  known  climate  shift  observed  in  winter  SST  is 
caused  by  changes  in  the  depth  of  the  permanent  thermocline  due  to  Rossby  waves  and 
not  due  to  local  air-sea  interaction. 
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Introduction 

Oceanic  quantities  such  as  temperature,  current  velocity,  salinity  and  biological 
productivity  have  variations  over  time  scales  from  fractions  of  a  second  to  decades  - 
the  length  of  the  longest  observational  records.  Oceanic  processes  with  interdecadal 
duration  are  particularly  important  and  have  received  increased  attention  in  recent 
years  because  long-term  cycles  can  mask  (or  masquerade  as)  anthropogenic  climate 
diange.  A  review  of  interdecadal  climate  variability  (ICV)  in  the  ocean-atmosphere 
system  is  given  in  an  UNESCO-IOC  review  (1992).  ICV  in  the  oceans  has  important 
implications  for  human  activity  and  is  believed  to  influence  droughts  in  Africa,  the 
Asian  monsoon  cycle,  droughts  in  the  western  United  States  [Cayan  et  al.,  1989], 
extremes  in  the  El  Nino/Southem  Oscillation  (ENSO),  hurricane  frequency  in  the 
Atlantic  [Cook  et  al.,  1991]  and  Arctic  sea  ice  [Mysak  et  al.,  1990],  to  name  some 
of  the  physical  phenomenon  so  far  investigated.  Effects  on  the  biosphere  include 
changes  in  phytoplankton  and  the  migration  pattern  of  fish  [UNESCO,  1992].  The 
physical  mechanisms  behind  these  and  other  long-term  variations  are  not  well  under¬ 
stood  and  are  not  predictable  with  current  General  Circulation  Models  (GCMs).  As 
climate  change  becomes  an  increasing  topic  of  scientific  concern,  it  is  important  to 
distinguish  the  long-term  variability  of  the  ocean  and  atmosphere  from  any  possible 
climatic  shifts. 

The  north  Pacific  Ocean  has  well  documented  ICV.  During  1977-86  the  northern 
central  Pacific  Ocean  experienced  a  period  of  decreased  winter  sea-surface  temper¬ 
ature  (SST).  This  time  period  is  also  associated  with  increased  winter  SST  in  the 
eastern  Pacific,  temperature  changes  over  the  North  American  continent  and  a  de¬ 
crease  in  winter  searlevel  pressure  over  the  north  Pacific  [IVenberth,  1990;  Graham, 
1994].  An  EOF  analysis  of  SST  by  Salmon  [1992]  suggests  this  cooling  in  the  central 
Pacific  began  in  1967  and  lasted  until  1987,  whereas  the  northeast  Pacific  ended  a 
cold  period  and  warmed  from  1976  to  the  early  1980s.  It  will  be  shown  later  that 
the  seasonal  aspect  is  crucial  for  understanding  the  underlying  physical  mechanism 
driving  the  SST  anomalies. 

Numerical  studies  have  investigated  the  relationship  between  the  atmosphere  and 
ocean  during  these  years.  Kitoh  [1991]  and  Graham  [1994]  both  used  atmospheric 
GCM's  driven  by  SST  to  successfully  simulate  anomalies  over  the  northern  Pacific 


Ocean.  Graham  [1994];  Miller  et  al.  [1994]  used  isopycnal  thermodynamic  models 
driven  by  observed  winds  and  heat  fluxes.  Their  results  have  supported  the  idea 
that  the  1976  oceanic  climate  shift  was  primarily  driven  by  atmospheric  dynamics. 
Those  studies  were  limited  in  several  ways  such  as  their  coarse  spatial  resolution 
that  greatly  distorts  the  Kelvin  waves  necessary  for  the  development  of  El  Nino 
(warm)  or  El  Viejo  (cold)  events  [O’Brien  and  Parham,  1992].  Additionally,  the 
thermodynamic  equation  in  the  eastern  Pacific  is  dominated  by  the  heat  flux  term 
[Miller  et  al.,  1994]  so  the  rate  of  change  of  SST  is  largely  contrained  by  observational 
values.  It  is  therefore  not  surprising  that  they  obtain  results  that  closely  match  real 
SST  anomalies.  Since  there  was  no  feedback  of  the  ocean  into  the  heat  flux  term, 
the  influence  of  the  ocean  on  this  term  was  concealed. 

The  use  of  a  reduced-gravity  model  trades  the  explicit  numerical  representation 
of  thermodynamic  processes  for  increased  resolution  of  oceanic  planetary  waves, 
eddies  and  currents.  In  particular,  ENSO  events  are  correctly  represented.  Thermo¬ 
dynamic  variables  that  are  not  directly  computed  can  often  be  represented  indirectly 
using  the  hydrodynamic  variables.  It  has  been  shewn  that  a  relationship  exists  be¬ 
tween  the  model  layer  thickness  and  temperature  variations  in  the  upper  ocean 
Roed  [1994].  A  complete  numerical  representation  of  the  atmosphere-ocean  system 
at  appropriate  resolution  is  not  likely  to  be  realized  for  several  years.  Until  then  im¬ 
proved  understanding  of  future  interdecadal  climate  variability  can  only  come  from 
an  increased  quantity  of  long-term  observations. 

Monitoring  of  the  ocean  is  the  focus  of  the  GAMOT/ATOC  (Global  Acoustic 
Mapping  of  Ocean  Temperature/ Acoustic  Thermometry  of  Ocean  Temperature) 
project.  Integrated  changes  in  ocean  characteristics  will  be  inferred  by  monitor¬ 
ing  the  changes  in  acoustic  travel  time  over  basin  scales.  Pilot  projects  have  been 
completed  [Baggeroer  and  Munk,  1992;  Spiesberger  and  Metzger,  1991;  Spiesberger 
et  al.,  1992]  and  persistent  monitoring  will  begin  in  the  near  future. 

There  are  no  previous  continuous  multi-year  acoustic  observations  of  the  ocean. 
The  observations  of  Spiesberger  et  al.  [1992]  were  dene  discontinuously  from  1987- 
1989  and  limited  to  intervals  of,  at  most,  a  few  months.  The  only  means  to  recapture 
the  behavior  of  the  ocean  in  years  past  and  fill-in  the  observational  gaps  is  through 
the  use  of  numerical  models.  Doing  so  also  aids  in  the  understanding  of  future 
measurements  by  yielding  an  approximate  historical  record. 
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We  use  a  high  resolution  reduced-gravity  model  of  the  northeast  Pacific  (NEP) 
Ocean  to  estimate  the  travel  time  anomalies  for  1970-1989  over  paths  roughly  cor¬ 
responding  to  those  in  Spiesberger  et  al.  [1992].  The  model  is  forced  three  different 
ways:  Experiment  El  with  observed  surface  winds;  E2  with  a  coastal  Kelvin  wave 
from  an  equatorial  model  that  is  forced  with  observed  winds;  E3  with  both  surface 
winds  and  the  Kelvin  wave.  Similar  experiments  were  done  by  Pares-Sierra  and 
O’Brien  [1989]  for  the  years  1961-1979  and  Johnson  and  O’Brien  [1990a]  for  1975- 
85.  They  observed  coastaUy-trapped  Kelvin  waves  moving  poleward,  separating 
from  the  coast  of  North  America  as  Rx)ssby  waves  and  propagating  into  the  Pacific 
basin.  Analysis  of  altimetry  and  ocean  temperature  records  has  demonstrated  the 
significance  of  these  Rossby  waves  [White  et  al.,  1990;  Shriver  et  al.,  1991].  Recently, 
the  Rossby  wave  associated  with  the  1982-83  El  Nino  has  been  observed  in  both  a 
multilayer  numerical  model  and  altimetry  data  to  cross  the  the  Pacific  basin  and 
influence  the  Kuroshio  in  1993  [Jacobs  et  al.,  1994]. 

A  preliminary  investigation  into  the  variations  in  acoustic  travel  time  over  paths 
similar  to  those  planned  for  GAMOT/ATOC  is  done  for  all  three  model  cases. 
Variations  in  sound  speed  are  estimated  according  to  the  method  of  Roed  [1994]. 
Interdecadal  climate  variability  occurs  in  the  travel  time  variations,  with  the  details 
depending  upon  the  specific  path. 

Section  2  describes  the  model  and  ATTA  estimation  procedure.  The  results  are 
described  in  Section  3  and  discussed  in  Section  4.  Of  particular  interest  is  the 
dominant  influence  on  the  ocean  climate  of  Rossby  waves  propagating  off  the  North 
American  coast.  They  are  shown  to  play  a  central  role  in  determining  the  long-term 
acoustic  properties  of  the  upper  North  Pacific  Ocean  and  are  probably  involved  in 
the  1976  climate  shift. 

Numerical  model  and  ATTA  estimation 
The  northeast  Pacific  model 

A  numerical  model  of  the  northeast  Pacific  ocean  is  used.  The  model  domain  is 
a  spherical  section  shown  in  Fig.  1.  An  Arakawa  C-grid  is  used  with  a  horizontal 
spacing  of  1/12°  in  both  latitude  and  longitude.  There  is  one  active  upper  layer 
atop  an  inert  lower  layer.  Realistic  topographic  effects  are  included  by  modification 
of  the  local  phase  speed  [Cushman-Roison  and  O’Brien,  1983].  This  is  included 
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since  the  coastal  sea-floor  topography  has  a  strong  influence  on  the  local  evolution  of 
Rossby  waves  [Liu  and  O’Brien,  1994].  The  eastern  boundary  has  a  no-slip  condition 
along  the  North  American  continent  and  elsewhere  the  boundary  condition  is  open, 
according  to  the  scheme  in  Camerlengo  and  O’Brien  [1980]. 

The  model  contains  three  dynamic  variables:  the  upper  layer  thickness  H{9,  <(>,  t) 
and  upper  layer  zonal  and  meridional  velocities  u(d,  0,  t)  and  v{0, 4>,  t)  respectively. 
The  equations  describing  the  model  are  written  in  transport  form: 


?£.  1  d 

dt  acosO  d<f> 


?}L  __1_A 

dt  ^  aco&dd<t> 
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and 


^  1 
dt  ^  acosB 


^  +  l(Vcos«) 


=  0. 


(3) 


where  U  =  uH  and  V  =  vH.  Equations  (1)  and  (2)  are  the  equations  of  motion 
and  (3)  is  continuity.  Model  parameters  are  given  in  Table  1. 

The  windstress  is  t(0,  t)  =  (r*(^,0,  <))  =  CrfPa||u„||u„,  where  Uv,(0,0,t) 

is  the  surface  wind,  Cd  is  a  drag  coefficient  and  pa  is  the  air  density.  Monthly  average 
pseudostress  was  obtained  from  GOADS  winds  and  interpolated  to  the  model  grid 
and  a  linear  temporal  interpolation  was  used  between  each  monthly  value.  Further 
details  on  the  numerical  scheme,  boundary  conditions  and  wind  forcing  can  be  found 
in  Pares-Sierra  and  O’Brien  [1989].  The  major  difference  in  numerical  schemes  is 
our  inclusion  of  realistic  sea-floor  topography,  as  mentioned  above. 

The  Kelvin  wave  for  experiments  E2  and  E3  is  input  in  the  following  way.  The  H 
value  of  the  NEP  model  on  the  southern  boundary  at  the  easternmost  grid  point, 
Heq{t),  was  taken  from  an  overlapping  equatorial  model  described  in  Kamachi  and 
O’Brien  [1994].  This  is  called  the  remote  signal  and  is  shown  in  Fig.  2.  Bussalacci 
and  O’Brien  [1981]  used  an  essentially  identical  equatorial  model  and  found  it  closely 
reproduced  observational  sea  level  near  the  eastern  boundary.  The  ULT  along  the 
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southern  boundary  is  prescribed  to  be 


=  /f„(()exp(^^)  +  Ho 


(4) 


where  x  —  ar*  is  the  longitudinal  distance  from  the  eastern  boundary  Xe,  Hq  is  an 
initial  layer  thickness  and  Ld  is  the  radius  of  deformation,  about  50  km  at  the 
equator  based  on  the  model  parameters.  The  exponential  envelope  in  (4)  which 
defines  the  region  of  input  is  limited  to  1**  (six  H  grid  points).  The  input  velocities 
at  the  corresponding  points  are,  Uin  =  0  and  t;,n  is  estimated  from  the  invisid 
quasigeostrophic  equation 


dHin  dVin 


dVin  dVin 
dy  at' 


(5) 


where  x  and  y  represent  the  zonal  and  meridional  distances  respectively.  These 
properties  are  consistent  with  the  coastal  Kelvin  waves  in  Moore  [1968],  Anderson 
and  Rowlands  [1976]  and  Clarke  [1983]. 


Acoustic  travel  time  estimation 

Sound  speed  c  in  the  ocean  is  controlled  by  density  p  which  is  a  function  of 
temperature  T,  salinity  S  and  pressure  P,  but  the  dominant  variable  in  the  upper 
ocean  is  temperature.  However,  we  use  a  layered  model  without  salinity  structure  or 
thermodynamics  which  cannot  directly  yield  an  estimate  of  c.  This  handicap  of  the 
isopycnal  model  was  overcome  by  Roed  [1994],  who  provided  a  means  to  estimate 
variations  in  c  as  a  function  c{H).  The  essence  of  his  argument  is  now  reproduced. 

The  first-order  Taylor  expansion  of  sound  speed  is  c(r,  5,  P)  ci  co  4-  —  To)  -h 

7(p  — Po)  +  ^(*5  —  ^o),  where  co  is  a  reference  speed  (typically  around  1542  m/s  for 
water  at  20°C),  and  (3,  7  and  k  axe  constant  coeificients.  /?  should  not  be  confused 
with  the  gradient  of  the  Coriolis  parameter.  Since  the  temperature  term  of  the 
expansion  is  known  to  be  the  most  significant,  we  can  write 


c  =  co  +  P{T-To).  (6) 

Density  is  also  a  function  of  temperature  to  first  order, 

p-  po-a{T -To).  (7) 


a  is  the  constant  coefficient  of  thermal  expansion.  The  connection  to  the  layered 
model  is  now  introduced.  There  is  evidence  that  in  many  regions  of  the  ocean 
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variations  in  thenuociine  are  related  to  variations  in  density, 
layered  ocean  Roed  [1994]  finds 


In  the  context  of  a 

(8) 


where  Ap  is  the  difference  in  density  between  the  upper  and  lower  layer.  £)  is  a 
refereuv^e  depth  which  is  set  to  a  constant  1000  m. 

Combining  (6),  (7)  and  (8)  yields 


e  =  <^  +  ^{A/ 


(9) 


Since  the  time  it  tal^es  for  sound  to  travel  from  a  source  to  a  receiver  is  inversely 
related  to  c,  we  examine  c~^  using  (9)  which  we  denote  as  c  =  co  +  dm  where  cq  is 
the  unperturbed  speed.  Then,  assuming  d 


C0\  cqJ  Co  V  Co/ 


(10) 


The  total  acoustic  travel  time  is  j  c~^ds,  with  the  integral  taken  over  the  travel  path. 
Using  (10)  the  integral  can  be  separated  into  two  terms,  a  mean  and  an  anomaly. 
The  anomaly  term  which  represents  the  variations  in  total  travel  time  over  the  path 
due  to  changes  in  upper  layer  thickness  (ULT)  is  then 


r,  =  -  j(H-  H^)ds.  (11) 

Downwelling  raises  ocean  temperature  anomalies  and  increases  o',  reducing  7i .  The 
opposite  effect  occurs  for  upwelling.  This  dependence  of  temperature  anomalies 
on  thermocline  depth  variations  is  well  known  in  the  tropics  [e.g.,  Bussalacci  and 
O’Brien,  1981]  where  a  strong  permanent  thermocline  exists.  It  does  not  necessarily 
hold  for  SST  anomalies  in  mid-latitudes  where  the  seasonal  thermocline  cycle  has  a 
significant  effect  on  SST.  This  is  detailed  further  in  the  discussion. 

Model  results  and  analysis 


The  models  are  initially  spun-up  using  monthly  climatological  conditions  for  seven 
years.  The  forcing  switches  to  observational  GOADS  winds  and/or  the  Kelvin  signal 
from  the  equatorial  model.  Case  E2  does  not  undergo  a  spinup.  The  model  input 
corresponds  to  years  1961-1989,  but  only  the  period  1970-1989  is  discussed  in  detail 
because  the  model  1960’s  appear  to  be  dominated  by  the  adjustment  from  climato¬ 
logical  to  observational  forcing  due  to  the  rather  slow  propagation  of  Rossby  waves 
in  the  mid-latitude  ocean. 
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Winds  only  (El) 

One  diiSerence  between  the  study  of  Pares-Sierra  and  O’Brien  [1989]  and  those 
discussed  here  is  the  ULT  entrainment  level.  The  ocean  model  requires  a  mechanism 
to  prevent  layer  outcropping.  When  the  ULT  drops  below  a  threshold  value,  the 
H  at  that  point  is  slowly  increased  until  it  is  greater  than  the  threshold.  In  Paxes' 
Sierra  and  O’Brien  [1989]  the  threshold  for  entrainment  was  100  meters.  We  use 
60  m.  This  difference  manifests  along  the  coast  and  northern  boundary.  Since  only 
ULT  anomalies  play  a  role  in  the  analysis,  this  difference  in  ULT  is  not  a  significant 
concern. 

The  ocean  currents  in  this  region  are  dominated  by  the  subtropical  gyre  centered 
near  the  western  model  boundary  (Fig.  3)  with  relatively  small  seasonal  variations. 
Examination  of  the  ULT  anomaly  field  show  no  indication  of  large-amplitude  Rossby 
waves.  No  westward  propagating  features  are  seen  in  Fig.  4.  Some  weak  propagat¬ 
ing  features  are  seen  to  travel  along  the  southern  model  boundary,  but  do  not  live 
more  than  a  few  months.  There  is  only  weak  variation  about  the  mean  circulation 
and  seasonal  changes. 

Some  measurements  of  ATTA  are  in  Fig.  5.  The  annual  signal  is  clearly  the 
strongest  component  in  the  southern  paths.  There  is  strong  correlation  between 
neighboring  paths,  due  to  the  large-scale  nature  of  the  ocean  currents.  Surprisingly, 
paths  9  (not  shown)  and  10  have  almost  no  annual  variations  and  the  TTA  is  jagged 
in  appearance,  suggesting  sudden  shifts  in  the  integrated  H  trend.  Sudden  changes 
in  the  sign  of  dH/dt  are  probably  due  to  changes  in  the  sign  of  the  wind  stress  curl 
in  the  northern  latitudes. 

One  possible  source  for  these  sudden  changes  is  changes  in  atmospheric  circulation 
associated  with  ENSO  phenomenon.  However,  the  timing  of  these  changes  suggests 
they  are  not  closely  related  to  ENSO.  El  Nino  and  El  Viejo  events  defined  according 
to  sea-level  at  Galapagos  [Meyers  and  O’Brien,  1994]  are  indicated  in  Fig.  5a.  No 
consistent  relationship  between  changes  in  ATTA  and  ENSO  is  apparent.  Power 
spectra  (not  shown)  of  the  ATTAs  have  a  steep  power  law  w®,  where  a  is  between  2 
and  3,  with  a  single  large  peak  at  the  annual  frequency.  The  amplitude  of  this  peak 
diminishes  with  latitude  and  vanishes  for  paths  9  and  10. 
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Remote  only  (E2) 

In  this  case  there  is  no  windstress  and  the  model  is  driven  only  by  the  remote 
Kelvin  signal.  The  Kelvin  waves  travel  poleward  along  the  coast  at  speed  c  — 
and  propagate  into  the  Pacific  basin  as  mid-latitude  Rossby  waves  [Enfield  and  Allen, 
1980;  Johnson  and  O’Brien,  1990a,  1990b].  The  dynamics  of  coastal  Kelvin  waves 
have  been  studied  elsewhere  [e.g.,  Moore,  1968;  Anderson  and  Gill,  1975;  Anderson 
and  Rowlands,  1976;  McCreary,  1976;  Clarke,  1983]  and  will  not  be  discussed  in 
detail,  except  where  it  relates  to  the  properties  of  the  ATTA  estimates. 

Kelvin  waves  are  nondispersive  and  can  incorporate  all  frequencies;  whereas, 
Rossby  waves  are  dispersive  and  have  a  high-frequency  cut-off,  Uc.  Only  the  low- 
frequency  part  of  the  Kelvin  signal  can  be  converted  to  Rossby  waves.  The  dispersion 
of  linear  mid-latitude  quasi-geostrophic  Rossby  waves  [e.g..  Gill,  1982]  is  given  by 

-Pk 

"  p  +  /2  +  /2/c2 

where  /  is  the  Coriolis  parameter,  k  is  zonal  wavenumber  and  I  is  meridional 
wavenumber.  The  negative  sign  implies  westward  phase  propagation.  See  Fig.  6. 

From  (12),  only  Rossby  waves  with  small  wavenumber  can  propagate  energy  west¬ 
ward.  The  amplitude  of  the  transmitted  Rossby  wave  has  been  studied  analytically 
by  several  authors,  including  White  and  Saur  [1983],  Grismshaw  and  Allen  [1988] 
and  McCalpin  [1994].  They  show  a  rapid  decline  in  the  westward  propagation  of 
energy  around  Uc,  falling  to  zero  for  frequencies  near  or  above  this  critical  frequency. 

The  critical  wavenumber,  where  the  group  velocity  of  Rossby  waves  equals  zero,  is 
ke  fc~^‘  (For  brevity,  /  =  0  is  assumed.)  The  Rossby  response  loses  progressively 
lower-frequency  components  at  higher  latitudes  because  Ue  =  cot  {6).  Over  the  model 
domain  Wc  goes  from  roughly  4.2xl0”^s“*  (175  d)  at  20®N  to  roughly  1.8xl0~^s~^ 
(390  d)  at  50®N.  The  annual  cycle  of  Wa  =  2  x  10~^s~^  is  reached  near  45®N. 

The  mean  circulation  for  experiment  E2  is  shown  in  Fig.  7.  A  very  different 
structure  is  seen  than  in  the  wind  only  case.  There  is  no  large-scale  gyre  but  regions 
of  cyclonic  vorticity  are  found  pinned  to  the  coast  at  eddy-formation  sites  [Liu  and 
O’Brien,  1994]. 

Some  examples  of  instantaneous  ULT  anomalies  are  in  Fig.  8.  Changes  in  H  are 
induced  by  Rossby  waves  from  the  coast  whose  meridional  structure  is  the  result  of 
topographic  infiuences  [Liu  and  O’Brien,  1994).  Propagation  of  these  waves  is  clearly 
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seen  in  the  longitude-time  diagram  of  Fig.  9.  Additional  discussion  of  the  Rossby 
features  can  be  found  in  Pares-Sierra  and  O’Brien  [1989]  and  Johnson  and  O’Brien 
[1990a].  Comparison  to  observations  of  ocean  temperature  at  300  m  [Shriver  et  al., 
1991]  shows  that  these  waves  account  for  almost  50%  of  the  temperature  variance 
in  the  NEP. 

The  relation  of  ULT  perturbation  to  is  investigated  through  sample  time 

series  of  ULT  from  points  A,  B  and  C  in  Fig.  1.  The  cross-correlations  of  ULT  at 
these  points  to  He«(t)  are  in  Fig.  10.  The  maximum  correlation  occurs  at  a  time 
delay,  Tm,  that  corresponds  to  the  time  it  takes  for  the  Rossby  signal  to  propagate 
to  the  point  in  question.  Point  A,  the  southernmost  point,  has  ~  1.3  years 
with  a  correlation  near  0.7.  Point  C  has  a  =  2.3  years  with  a  correlation  of  0.5. 
Point  B  is  so  far  from  the  coast  that  dissipation  has  significantly  decreased  the  wave 
amplitude.  Nevertheless,  there  is  a  correlation  peak  of  over  0.4  at  t„,  6  years. 

This  confirms  that  the  Rossby  waves  survive  for  years  after  their  separation  from 
the  coast  while  retaining  the  essential  form  of  H,q{t).  Therefore,  unusually  strong  or 
long-lasting  ENSO  events  can  have  repercussions  at  large  oceanic  scales  years  after 
the  ofiScial  event  termination  through  oceanic  teleconnection.  (See  also  Jacobs  et 
al.  [1994]). Similar  events  are  presumed  to  occur  in  the  southern  ocean,  but  this  is 
beyond  the  scope  of  this  study.  Los  Ninos  do  not  die,  they  move  to  mid-latitudes. 

The  ATTAs  estimated  according  to  (11)  for  E2  are  in  Fig.  11.  Most  of  the 
paths  have  small  separations  compared  to  the  size  of  the  Rossy  waves  in  Fig.  8  and 
neighboring  path  ATTAs  are  strongly  correlated.  The  average  linear  correlation  of 
an  ATTA  measurement  with  the  nearest  path  to  the  north  is  0.94±0.03.  Each  path 
samples  ocean  characteristics  only  slightly  different  from  its  neighbor.  The  nearest 
northern  path  anomalies  lag  their  southern  neighbor  by  an  average  of  2-3  months, 
based  on  the  average  maximum  cross-correlation.  This  lag  is  probably  due  to  the 
slower  group-velocity  of  Rossby  waves  at  higher  latitudes  indicated  as  dashed  lines 
in  Fig.  1. 

Power  spectra  of  the  travel  time  anomalies  are  in  Fig.  12.  They  have  no  signifi¬ 
cant  peaks,  even  at  the  annual  frequency.  Irregular  interannual  variations  clearly 
dominate  the  signals  so  the  broad  spectra  are  probably  due  to  the  aperiodic  nature 
of  the  ATTAs. 

The  ATTA  signals  exhibit  a  mean  shift  near  1976  towards  positive  values  in  the 
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lower  paths  (the  shift  occurs  in  1978  in  path  10,  see  Fig.  11)  and  a  positive  ATTA 
is  maintained  until  roughly  1983.  This  is  coincident  with  the  Pacific  climate  shift  of 
1976-1982  as  discussed  below. 

Combined  vrinds  and  remote  (E3) 

Both  surface  windstress  and  the  Kelvin  signal  drive  the  circulation  in  this  case. 
The  average  ULT  for  E3  based  on  the  years  1970-89  is  shown  in  Fig.  13.  The 
circulation  is  dominated  by  the  large-scale  gyre  as  in  El.  The  evolution  of  the 
California  current  system  and  its  representation  in  this  model  is  discussed  in  [Pares- 
Sierra  and  O’Brien,  1989]. 

A  comparison  of  the  circulations  induced  in  E3  to  those  induced  in  El  and  E2 
demonstrate  the  high  (annual)  frequency  variations  in  this  experiment  are  largely 
the  result  of  direct  wind  forcing  and  the  long-term  variations  largely  result  from  the 
remote  boundary  forcing.  Removal  of  the  mean  ULT  and  seasonal  signal  (which  are 
dominantly  wind-driven)  leaves  a  response  that  closely  matches  the  ULT  in  exper¬ 
iment  E2,  suggesting  the  a  linear  regime  with  the  Rossby  waves  superposed  on  the 
wind-driven  circulation.  This  is  demonstrated  by  comparing  the  ULT  anomalies  in 
Fig.  15  to  those  in  Fig.  8.  They  are  almost  identical  in  pattern  and  relative  ampli¬ 
tude.  The  absolute  amplitude  is  not  the  same  because  of  the  different  background 
conditions.  This  implies  that  the  calculations  based  on  (11)  will  have  properties  of 
both  El  and  E2. 

Some  ATTAs  for  E3  are  in  Fig.  16.  They  are,  roughly,  superpositions  of  cases  El 
and  E2,  having  strong  annual  and  interannual  variability  very  similar  to  that  seen  in 
Fig.  5  and  Fig.  11  respectively.  The  longer  term  changes  in  Fig.  16a  match  those  in 
Fig.  11a  and  the  annual  variations  match  those  in  Fig.  5a.  The  high  latitude  paths 
primarily  show  the  same  jagged  structure  as  in  case  El,  except  for  a  few  multi-year 
periods  when  the  Rossby  signal  is  strong  in  the  upper  latitudes.  There  is  a  decrease 
in  the  higher  frequencies  at  higher  latitudes,  as  in  both  the  previous  cases.  See 
Fig.  17. 

E3  captures  the  essential  physics  that  controls  the  depth  of  the  permanent  ther- 
mocline  in  the  NEP.  Understanding  how  SST  relates  to  thermocline  depth  yields 
an  indirect  method  for  hindcasting  SST  using  a  reduced-gravity  ocean  model.  This 
allows  for  an  oceanic  explanation  for  the  anomalously  warm  SST  field  in  the  NEP  in 
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the  late  1970s  and  early  1980s,  that  is  an  alternative  to  the  atmospheric  explanations 
mentioned  above,. 

The  observed  SST  anomaly  has  a  warming  trend  of  winter  values  from  the  early 
1970s  to  the  late  1970s  and  early  1980s.  This  was  first  shown  by  dififerencing  multi¬ 
year  SST  averages.  A  similar  analysis  is  made  of  model  ULT.  The  ULT  change 
in  Fig.  18  shows  a  mean  raising  of  the  permanent  thermocline  roughly  coincident 
spatially  and  temporally  with  the  change  in  SST.  The  SST  does  not  relate  to  ther¬ 
mocline  depth  due  to  the  presence  of  the  seasonal  thermocline.  How  the  model  ULT 
shift  translates  to  an  SST  shift  is  discussed  in  the  next  section. 

Discussion 

Acoustic  travel  time  anomalies  and  Rossby  waves 

Interannual  and  interdecadal  variability  in  the  NEP  model  is  driven  mostly  by 
Rossby  waves  coming  off  the  coast  of  North  America  which  are  triggered  by  coastal 
Kelvin  waves  from  the  equatorial  Pacific  Ocean.  ENSO  extremes  are  particularly 
important  since  they  generate  strong  coastal  Kelvin  waves  that  effect  the  Pacific 
basin  for  years  after  the  official  termination  of  an  ENSO  event. 

The  influence  of  the  Rossby  waves  is  easiest  to  understand  when  their  effect  is 
isolated  (E2).  Warm  El  Nino  and  cold  El  Viejo  events  defined  by  sea-level  anomalies 
[Meyers  and  O'Brien,  1994]  are  shaded  in  Fig.  11a.  The  changes  in  thermocline  depth 
associated  with  these  events  directly  translates  to  changes  in  ATTA  according  to 
(11).  Most  of  the  strong  ATTA  declines  are  associated  with  warm  events  (related 
to  a  downwelling  Kelvin  wave)  and  rapid  ATTA  increases  are  associated  with  cold 
events  (related  to  an  upwelling  Kelvin  wave).  The  ATTA  increases  of  1975-76  and 
1980-82  are  not  shaded  due  to  our  definition  of  El  Viejo  based  on  observational 
searlevel,  whidi  is  not  necessarily  idential  to  events  in  the  Htq{t)  input. 

The  features  of  the  ATTAs  are  easily  understod.  Consider  path  1  in  Fig.  11.  In 
1970  the  decay  of  a  previous  cold  event  slowly  increases  the  overall  ATTAs  towards 
zero.  The  1972  El  Nino  creates  a  downwelling  Rossby  wave  that  decreases  ATTA, 
but  it  is  rapidly  followed  by  a  cold  event  that  cancels  its  effect.  Late  1974  to  mid-1975 
is  a  stable  period  as  the  Rossby  waves  slowly  decay.  A  large  El  Viejo  in  mid-1975 
feeds  into  the  previous  event  and  further  decreases  the  overall  ULT,  increasing  the 
ATTA.  The  1976  El  Nino  is  too  weak  to  have  a  significant  effect.  The  subsequent 
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two  El  Viejos  are  also  weak,  but  are  sufficient  to  miuntain  an  overall  thin  ULT. 
The  thin  ULT  anomalies  begin  to  significantly  decay  in  1979  until  the  cold  event  of 
1980-19S1. 

The  large  1982-1983  El  Nino  produces  a  rapid  decline  in  ATTA,  in  spite  of  the 
fact  that  downwelling  Rossby  waves  still  exist  in  the  model  basin.  Its  effect  on  the 
ATTA  of  path  1  is  dominant  until  1986  when  the  slowly  decaying  Rossby  wave  along 
the  southern  boundary  begins  to  propagate  outside  the  model  domain.  The  1987 
El  Nino  is  very  weak  and  has  no  significant  effect  for  path  1.  The  El  Viejo  of  1988 
rapidly  shifts  the  ATTA  back  toward  zero. 

Similar  scenarios  occur  for  each  path,  but  due  to  spatial  variations  in  the  Rossby 
wave  field  important  differences  in  ATTA  occur  over  different  paths.  For  example, 
the  ATTA  of  path  5  in  Fig.  11  is  characterized  by  one  broad  peak  from  mid- 1976 
to  1980  and  one  trough  from  1985  to  mid-1987.  Otherwise  the  ATTA  hovers  near 
zero.  There  is  no  effect  of  the  1977  warm  event,  the  1980  cold  event,  the  large 
1982-83  warm  event  or  the  1987  cold  event.  The  ATTA  of  path  5  lacks  much  of 
the  structure  of  the  ATTA  for  path  1  because  path  5  connects  to  the  coastline  at 
a  region  of  cyclonic  eddy  production.  Near  that  location,  the  circulation  associated 
with  the  Rossby  waves  are  generally  suppressed. 

In  the  combined  E3  case,  the  type  of  variations  due  to  the  Kelvin  signal  are 
superposed  upon  the  somewhat  weaker  wind-driven  variations.  Over  paths  that 
avoid  the  Kelvin-Rossby  signal,  wind  induced  variations  dominate.  For  instance,  the 
higher  latitude  ATTAs  are  largely  governed  by  the  wind-driven  ocean  circulation. 
Only  some  ENSO  events  appear  to  be  able  to  penetrate  into  higher  latitudes  and 
effect  the  ATTAs  along  these  paticular  paths. 

Kelvin  generated  Rossby  waves  are  believed  to  be  responsible  for  almost  50%  of 
the  variance  of  300  m  water  off  the  coast  of  North  American  [Shriver  et  al.,  1991]. 
That  estimate  was  made  by  comparing  observations  of  temperature  to  calculations 
from  case  E2.  Understanding  the  Rossby  wave  variability  will  be  important  for  in¬ 
terpreting  acoustic  measurements  from  the  GAMOT/ATOC  project.  We  anticipate 
that  variations  similar  to  those  presented  in  Fig.  16  will  be  found,  implying  obser¬ 
vations  must  be  made  over  many  years  in  order  to  correctly  sample  the  long-term 
variability  that  is  intrinsic  to  this  region  of  the  ocean. 

Mudi  of  the  interannual  variability  in  the  GAMOT  observations  should  be  pre- 
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dictaUe  up  to  several  years  in  advance  from  knowledge  of  the  equatorial  Pacific  sea- 
level.  The  strong  correlation  between  and  H  at  mid-basin  points  (Fig.  10) 

shows  that  for  paths  that  sample  regions  where  the  Rossby  response  is  strong,  the 
thermocline  depth  closely  follows  the  equatorial  signal. 

CUmate  shift 

Many  authors  including  Graham  [1994]  and  Miller  et  al.  [1994]  attribute  the 
climate  shift  in  the  northern  Pacific  to  atmospheric  forcing.  They  can  reproduce 
observational  SST  anomalies  by  specifying  heat  flux  terms  in  numerical  models. 
However,  the  ocean’s  role  in  creating  these  terms  is  ignored  since  they  had  no  feed- 
badc  from  the  ocean  to  the  heat  flux.  Examining  the  hydrodynamic  properties  of  the 
NEP  in  a  high-resolution  model  driven  by  ol^rvational  winds  yields  information 
on  the  thermocline  depth  and  the  increased  horizontal  resolution  allows  for  correct 
represention  of  equatorial  Kelvin  waves  that  are  the  underlying  physical  mechanism 
of  ENSO  phenomenon  in  the  ocean.  These  Kelvin  waves  impact  the  western  coast 
of  the  Americas,  propagate  poleward  along  the  coast  and  back  into  the  Pacific  basin 
as  mid-latitude  Rossby  waves.  Some  Rossby  waves  appear  to  significantly  influence 
the  mean  thermocline  depth  for  several  years. 

A  shift  in  the  model  ULT  coincides  with  the  observed  shift  in  SST  in  the  mid- 
1970s.  The  mean  ULT  from  1976-1981  minus  the  mean  ULT  from  1970-1975  is 
shown  in  Fig.  18.  A  thining  of  the  upper  layer  occurs  over  these  years.  This 
thinning  corresponds  to  an  upwelling  of  the  permanent  thermocline  (PT).  Above  the 
permanent  thermocline  is  a  seasonal  thermocline  (ST)  supporting  the  mixed  layer. 
In  the  summer  the  ST  is  strong,  but  in  the  winter  it  is  destroyed  by  atmospheric 
cooling  and  vertical  mixing  that  transports  the  heat  in  the  mixed  layer  down  towards 
the  PT  [White  and  Walker,  1974].  If  the  PT  is  unusually  deep,  the  heat  from  the 
mixed  layer  is  spread  over  an  especially  large  volume,  creating  anomalously  low 
SST  values.  Conversely,  if  the  PT  is  shallow  then  the  SST  anomaly  is  large.  This 
is  consistent  with  the  model  results  that  the  ULT  is  thinner  in  the  late  1970s  than 
the  early  1970s.  It  also  explains  the  importance  of  winter  observations  since  only  in 
winter  when  the  ST  is  weak  is  the  depth  of  the  PT  important.  No  SST  shift  similar 
to  that  seen  for  the  winter  months  is  seen  during  the  other  seasons. 

Whether  this  simple  representation  of  the  ocean  can  account  for  the  mid-Pacific 
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SST  shift  remains  unclear,  since  the  western  model  limit  is  155W  and  most  of  the 
Rnssby  energy  is  reduced  by  viscous  action  to  very  small  values  by  the  time  it 
readies  HOW.  A  fully  coupled  ocean-atmosphere  model  that  resolves  the  ENSO 
signals  and  includes  a  more  complete  representation  of  both  the  hydrodynamics  and 
thermodynamics  should  be  used  to  investigate  this  issue  further.  This  will  probably 
not  be  practical  for  several  years  and  observations  remain  the  final  validator  of  these 
ideas. 

The  changes  in  SST  off  the  American  coast  will  have  an  effect  on  weather  over  the 
American  continent.  Other  climatic  changes  in  the  Pacific  are  associated  (though 
the  causal  connections  are  not  fully  understood)  with  a  variety  of  weather  changes 
in  inhabited  regions.  It  should  lend  a  measure  of  predictability  to  annual  to  decadal 
dimate  forecasts  if  it  can  be  shown  that  observational  SST  is  predictable  based  on 
the  state  of  the  equatorial  Pacific. 
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Figure  Captions 


Fig.  1.  Hie  domain  of  the  numerical  model.  The  arcs  are  great  circle  paths  (geodesics) 
over  which  acoustic  properties  are  estimated.  They  are  close  to  those  that  will  be  used  in 
the  early  GAMOT/ATOC  field  observations.  The  final  latitudes  of  each  are  (1)  21.23  (2) 
22.84  (3)  24.66  (4)  26.46  (5)  28.47  (6)  30.75  (7)  33.25  (8)  35.91  (9)  40.00  (10)  47.15.  The 
dashed  lines  mark  the  estimated  yearly  propagation  of  a  1000  km  Rossby  wave  starting 
firom  the  right-most  dashed  line,  assviming  1=0  and  c  =  3  m/s.  The  indicated  points  A, 
B  and  C  are  specifically  sampled  as  described  in  the  text. 


Fig.  2.  The  heavy  line  is  the  input  anomaly  from  the  equatorial  model,  The  thin 

line  is  a  five  month  running  mean.  The  dark  shaded  regions  denote  cold  ENSO  events  and 
the  light  shaded  regions  are  warm  ENSO  events  defined  by  sea  level  anomaly. 


Fig.  3.  The  1970-1989  mean  upper  layer  thickness  for  El.  The  contour  levels  are  in 
meters. 

Fig.  4.  A  longitude-time  diagram  along  20^N  of  H  with  the  mean  and  seasonal  signals 
removed.  FVom  El.  The  contour  levels  are  in  meters. 


Fig.  5.  The  travel  time  anamolies  from  (11)  for  the  El  experiment.  The  travel  paths  are 
shown  in  Fig.  1. 


Fig.  6.  The  dispersion  diagram  for  mid-latitude  Rossby  waves.  The  circles  are  lines  of 
constant  firequency.  The  dotted  line  demarks  the  local  maximum  frequency  where  Cg  =  0. 

Fig.  7.  The  1970-1989  mean  upper  layer  thickness  for  E2.  The  contomr  levels  are  in 
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meters. 


Fig.  8.  The  ULT  for  case  E2  on  two  different  days.  The  mean  Hq  has  been  removed,  (a) 
During  an  El  Nino.  A  strong  downwelling  Kelvin  wave  has  propagated  up  the  coast  and  is 
beginning  to  separaite.  (b)  one  year  later,  the  Rx>s8by  wave  has  entered  the  Pacific  basin. 


Fig.  9.  As  in  Fig.  4  but  for  case  E2. 


Fig.  10.  The  cross-correlations  of  Heqit)  with  the  time  series  from  the  three  points  in 
Fig.  1.  (a)  point  A,  (b)  point  B,  (c)  point  C. 


Fig.  11.  As  in  Fig.  5  but  for  the  remote-only  case  (E2}. 


Fig.  12.  The  power  spectrum  for  the  ATTA  from  Fig.  11.  Pre-whitening  was  used  and 
the  linear  trend  and  mean  were  removed  before  the  analysis. 


Fig.  13.  The  1970-1989  mean  upper  layer  thickness  of  the  E3. 


Fig.  14.  As  in  Fig.  4  but  for  case  E3. 


Fig.  15.  ULT  anomalies  for  the  E3  case  with  the  mean  H  field  removed.  Dates  and 
conditions  are  as  in  Fig.  8. 


Fig.  16.  As  in  Fig.  5  but  for  the  remote  and  wind  case  (E3). 
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Fig.  17.  As  in  Fig.  12  but  for  E3. 


Fig.  18.  The  mean  1976-1981  ULT  minus  the  mean  1970-1975  ULT.  Contour  levels  are 
in  meters.  ***northem  boundary 
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Tables 

Model  Parameters 


Parameter 

Symbol 

Value 

radius  of  Earth 

a 

6.3784x10®  m 

eddy  viscosity 

A 

400  m^/s 

drag  coefficient 

Cd 

1.5x10-3 

mean  ULT 

Ho 

175  m 

reduced  gravity 

0.03  m/s 

phase  speed 

c= 

2.3  m/s 

grid  size 

Ae 

1/12* 

time  step 

At 

10  min 

Earth’s  rotation 

Q 

7.29x10-®  s-‘ 

Fig.  1.  The  domain  of  the  numerical  model.  The  arcs  are  great  circle  paths  (geodesics) 
over  which  acoustic  properties  are  estimated.  They  are  close  to  those  that  will  be  used  in 
the  early  GAMOT/ATOC  field  observations.  The  final  latitudes  of  eadi  are  (1)  21.23  (2) 
22.84  (3)  24.66  (4)  26.46  (5)  28.47  (6)  30.75  (7)  33.25  (8)  35.91  (9)  40.00  (10)  47.15.  The 
dashed  lines  mark  the  estimated  yearly  propagation  of  a  1000  km  Rossby  wave  starting 
from  the  right-most  dashed  line,  assmning  1  =  0  and  c  =  3  m/s.  The  indicated  points  A, 
B  and  C  are  specifically  sampled  as  described  in  the  text. 


1980  1981  1982  1983  1984  1985  1986  1987  1988  1989 


Fig.  2.  The  heavy  line  is  the  input  anomaly  from  the  equatorial  model,  Heqit).  The  thin 
line  is  a  five  month  running  mean.  The  dark  shaded  regions  denote  cold  ENSO  events  and 
the  light  shaded  regions  are  warm  ENSO  events  defined  by  sea  level  anomaly. 


travel  time  anomaly  (sec)  travel  time  anomaly  (aac)  travel  thna  anomaly  (aac) 


Fig.  5.  The  travel  time  aiiamolies  from  (11 
shown  in  Fig.  1. 


Fig.  6.  The  dispersion  diagram  for  mid-latitude  Rossby  waves.  The  circles  are  lines  of 
constant  frequency.  The  dotted  line  demarks  the  local  maximum  frequency  where  Cg  =  0. 


Fig.  8.  The  ULT  for  case  E2  on  two  different  days.  The  mean  Ho  has  been  removed,  (a) 
During  an  El  Nino.  A  strong  downwelling  Kelvin  wave  has  propagated  up  the  coast  and  is 
beginning  to  separate,  (b)  one  year  later,  the  Rossby  wave  has  entered  the  Pacific  basin. 


Fig.  10.  The  cross-correlations  of  Heq(t)  with  the  time  series  from  the  three  points  in 
Fig.  1.  (a)  point  A,  (b)  point  B,  (c)  point  C. 
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Fig.  16.  As  in  Fig.  5  but  for  the  remote  and  wind  case  (E3). 


Power 


TASK  C: 

SSAR  DEVELOPMENT 


Following  the  conductor  failure  experienced  by  the  SSAR  deployed  offshore 
Bermuda  in  March  1994,  two  new  conductor  assemblies  have  been  investigated. 
The  first  design,  shown  in  Figure  C.5  in  the  last  Quarterly  Report,  used  a  combined 
stop  rope  and  conductor  assembly.  It  was  built  in  prototype  form,  but  was  judged 
to  be  too  inflexible  to  avoid  the  potential  for  abrasion  on  the  inner  hose  wall.  The 
second  design,  which  eliminates  the  stop  rope  entirely  (Figure  C.1),  uses  a  colled 
conductor  with  a  heavy  reinforced  rubber  jacket.  The  coiled  portion  of  the 
conductor  provides  the  slack  needed  to  accommodate  hose  stretch  while  the 
straight  portion  is  long  enough  to  run  the  length  of  the  unstretched  hose.  The 
coiled  section,  which  can  extend  to  five  times  its  retracted  length,  is  designed  to 
have  sufficient  length  to  allow  up  to  40%  hose  stretch.  Gravity  and  the  elastic 
memory  of  the  coiled  cord's  vulcanized  rubber  jacket  repositions  the  surplus 
conductor  length  into  its  coiled  condition  during  hose  contraction.  The  outer  coil 
diameter  measures  at  least  60%  of  the  hose  inner  diameter  to  avoid  tangling  or 
kinking  during  the  retraction. 

The  cord  construction  uses  six  AWG  #20  stranded  and  heavily  insulated 
conductors  which  are  twisted  around  a  central  polyester  strength  member,  and  are 
protected  by  an  outer  neoprene  rubber  jacket.  A  portion  of  the  finished  cord  is 
wrapped  around  a  mandrel  to  form  ^e  coiled  section.  Through  steam 
vulcanization,  the  coiled  and  the  straight  configuration  is  permanently  formed.  The 
coil  cord  configurations  allow  at  least  40%  hose  elongation;  at  this  stretch  the 
calculated  hose  tension  is  2955  lbs  for  the  Snubber  and  3660  lbs  for  the  Standard 
hose.  The  maximum  tension  measured  during  the  4  month  Standard  SSAR  sea  trial 
was  1,500  lbs.  It  is  possible  to  eliminate  the  stop  rope  because  the  new  hoses 
(which  were  redesigned  based  on  the  TMT  fatigue  tests)  have  enough  inherent 
strength  in  their  nylon  reinforcement  layers  to  limit  stretch  even  under  the  most 
severe  wave  conditions.  By  eliminating  ^e  stop  rope,  it  is  possible  to  take 
advantage  of  the  coil  cord  technology. 

A  simple  test  of  the  coil  cord  design  was  set  up  at  WHOI  in  a  9m  section  of 
clear  wall  tubing  (Figure  C.2).  This  facility  simulates  the  service  conditions  of  a 
coil  cord  subjected  to  stretching  and  relaxing  inside  a  hose.  An  off-the-shelf  coil 
cord  with  a  straight  pull  cord  was  assembled  inside  the  vertical,  transparent  water- 
filled  PVC  tubing.  A  gear  motor  drive  lifts  the  pull  cord  1m  and  allows  it  to  retract 
again  in  3  second  cycles.  The  unit  has  nin  24  hours  per  day  for  6  weeks  at  the 
time  of  this  writing,  subjecting  the  coil  cord  to  1.2  million  stretch  and  retraction 
motions.  The  assembly  shows  no  signs  of  tangling  or  other  geometric  changes 
under  the  cycling  tests  and  only  small,  reductions  in  elastic  retraction.  Continuity 
is  monitored  continuously  and  no  conductor  breaks  have  been  experienced.  Only 
slight  abrasion  has  been  observed  on  the  coil  cord  jacket,  which  so  far  has  logged 


2.2  million  meters  1,374  miles)  of  rubbing  displacement  against  the  hose  wall. 
Custom  test  samples  for  the  test  facility  are  currently  being  manufactured,  using 
SSAR  coil  cord  cable  material.  These  samples  will  be  subjected  to  the  same 
service  simulating  fatigue  testing  in  the  near  future. 

Hydrophone  Array  Tests 

A  technical  memo  is  included  in  this  section  as  Appendix  A  which  describes 
in  detail  the  methodology  and  results  of  the  hydrophone  array  tests.  In  these  tests 
a  sonobuoy  test  fixture  at  Hazeltine  Corporation's  test  facility  was  used  to  measure 
the  effects  of  vertical  motion  on  the  hydrophone  output.  The  effectiveness  of  the 
SSAR  filtering  was  then  examined.  By  extrapolating  these  2  meter  tests;  it  was 
verified  that  a  1 0-meter  surface  buoy  excursion  produces  a  heave  signal  attenuated 
by  at  least  40  dB  which  is  well  below  the  system  clipping  level. 

In  the  process  of  corKlucting  this  test,  however,  it  was  discovered  that  the 
hydrophone  array  was  sensitive  to  mechanical  impacts  propagating  down  the  array 
cable.  These  broadband  vibrations  are  in  band  and  will  require  mechanical  isolation 
of  the  hydrophones  from  the  cable.  A  new  design  for  attaching  hydrophones  to 
the  cable  is  being  implemented  and  will  be  tested  during  the  AUTEC  cruise  in 
August. 

I  Fatigue  Testing  of  Hose  Assemblies 

As  discussed  in  the  last  Quarterly  Report,  a  test  hose  section  with 
conductors  in  the  hose  sidewall  was  tested  to  destruction  at  Tension  Member 
Technology  (TMT).  In  order  to  better  understand  the  failure  mechanism  a  series  of 
x-rays  were  taken  to  look  at  the  conductors  in  situ. 

During  the  fatigue  tests  at  710,590  bend  cycles,  the  hose  increased  its 
length  by  about  0.8cm.  An  additional  slow  length  increase  was  measured  before 
and  after  the  initial  length  change.  The  x-ray  photo,  Figure  reveals  that  the 
hose  body  had  pulled  partly  off  the  steel  nipple  of  the  coupling  being  subjected  to 
flexing.  The  dislocation  is  shown  by  the  appearance  of  the  binding  wire  end, 
which  is  located  slightly  to  the  right  of  the  coupling.  This  wire  was  wrapped  over 
the  reinforcement  layers  and  terminated  about  2.5cm  to  the  left  of  the  coupling 
erKi  during  the  hose  building  process.  The  shift  eventually  resulted  in  a  5cm  length 
increase  of  the  hose. 


The  dislocation  ruptured  the  contactor  wires  at  the  end  of  the  coupling  and 
broke  individuabstranded  wires  (Figure  CTB).  Further  along  the  free  length  of  the 
hose  (Figure  Clip)  the  conductors  show  signs  of  Z-kinking,  indicating  excessive 
conductor  length  most  likely  after  some  yielding.  The  Z-kinking  appears  not  to 
have  broken  the  conductor  path. 


On  the  hose  end  subjected  only  to  tension  cycles  the  conductors  look  normal 
(Figure  C.4|P.  This  x*ray  photo  also  shows  the  position  of  the  binding  wire  to  be 
unchanged  from  its  original  position.  It  should  be  noted  that  the  conductors  are  all 
arranged  in  one  twist  direction  inside  the  hose  wall,  though  the  x-ray  photos  also 
show  the  backside  of  their  path,  giving  the  false  impression  of  conductors  arranged 
in  both  left  hand  and  right  hand  spiralling  conductor  paths. 

While  we  believe  that  the  embedded  conductor  design  has  merit,  we  do  not 
have  time  to  perfect  it  at  the  moment  and  therefore  have  decided  to  use  the  coil 
cord  design  mentioned  above  for  the  first  10  operational  SSARs. 


Ultreshort  Baseline  Navigation  System  Tests 

The  USBL  navigation  system  was  tested  at  the  AUTEC  Range  in  April  by 
comparing  the  relative  positions  obtained  from  acoustic  pingers  located  at  the 
surface  buoy  and  the  lower  pressure  case  with  offsets  obtained  from  the  USBL.  A 
portion  of  this  data  is  shown  graphically  in  Figure  C.5.  While  the  typical  errors  in 
the  USBL  data  are  within  the  overall  SSAR  specification,  i.e.  ±30m  for  all  error 
sources,  we  are  not  totally  satisfied  with  the  results  of  the  test.  Because  the 
AUTEC  range  pinger  was  mounted  to  the  side  of  the  lower  pressure  case  and 
offset  from  the  center  line,  it  unbalanced  the  lower  pressure  case  resulting  in  both 
an  average  tilt  and  a  fairly  complex  dynamic  motion.  While  there  is  a  compass  and 
a  tilt  sensor  in  the  lower  pressure  case  to  correct  for  tilt  and  to  measure  the  case 
orientation,  the  motion  was  such  that  some  spurious  data  was  recorded.  Thus,  the 
USBL  system  functioned  very  well  in  some  instances  (Figure  C.5)  and  more 
erratically  in  others.  We  plan  to  repeat  these  tests  at  the  AUTEC  Range  in  August 
with  the  AUTEC  pinger  hung  in  line  below  the  lower  pressure  case.  This  should 
better  mimic  the  true  SSAR  motions  and  reduce  the  high  frequency,  irregular 
rotations. 

Fabrication  and  Testing 

Fabrication  of  the  operational  SSARs  is  underway  and  on  schedule.  A  few 
components  have  yet  to  be  delivered  including  coil  cords  and  a  few  mechanical 
items.  Modifications  to  the  hydrophone  erray  cables  to  isolate  the  phones  from  the 
cable  are  being  done  by  the  manufacturer.  No  serious  problems  are  anticipated. 
The  first  four  operational  units  should  be  completed  in  August.  The  last  six  units 
will  be  completed  this  Fall. 

Bench  and  dock  tests  of  each  of  the  operational  units  is  underway  and  will 
be  documented  in  detail  in  the  Design  and  Test  Report  to  be  submitted  next  month. 
Additional  testing  of  complete  SSAR  systems  is  being  planned  for  the  AUTEC 
Range  in  August  and  in  the  Pacific  in  the  Fail.  The  AUTEC  test  will  provide 
additional  verification  of  the  SSAR  navigation  system  operation  and  of  the  acoustic 
array  data  collection  and  processing  algorithms.  The  AUTEC  test,  however,  is 


limited  to  short  ranges  and  cannot  completely  test  the  SSAR  tomographic 
capability.  These  tests  will  have  to  be  done  over  long  range  with  an  operational 
source.  The  AUTEC  Range  Test  Plan  is  attached  as  Appendix  B.  It  will  use  one 
drifting  SSAR  and  one  moored  SSAR  (Figure  C.6)  to  compare  results  of  a  drifting 
and  fixed  receiver  array.  Both  arrays  will  be  navigated  and  equipped  to  record  raw 
data  on  hard  disk. 

Othflr  Tasks 

In  addition  to  completing  the  fabrication  and  testing  of  the  ten  operational 
SSARs,  ARPA  requested  that  we  prepare  an  operational  test  plan  to  fully  verify 
SSAR  usefulness  in  detecting  ocean  warming.  Plans  for  the  August  AUTEC  cruise, 
and  for  one  or  more  Pacific  test  cruises  are  the  result.  Appendix  C  is  a  letter  to 
ARPA  describing  our  initial  recommendations  for  these  tests.  The  revised  ATOC 
plans  to  use  FLIP  to  suspend  the  Alliant  Tech  source  offshore  San  Diego  will 
impact  these  tests.  We  are  working  with  ATOC  and  ARPA  on  new  plans  for  these 
Pacific  tests.  In  addition  to  the  SSAR  tests,  it  was  suggested  that  a  low  power 
version  of  the  SSAR  receiver  be  designed  and  built  to  eliminate  the  need  for 
advance  scheduling  of  the  SSAR  receiver.  With  the  low  power  receiver  a  SSAR 
can  listen  all  the  time  and  adapt  its  processing  schedule  in  real  time  to 
accommodate  changes  in  the  source  transmission  schedules.  Planning  for  these 
activities  is  ongoing. 
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C.1  Coil  cord  assembly  for  SSAR  stretch  hose. 
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Coil  cord  fatigue  test  facility. 
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C.3  X-ray  photo  of  conductor  path  in  hose  near  coupling  subjected  to  bend 
cycles. 


C.4a  X-ray  photo  of  conductor  path  In  free  stretch  hose  length. 


C.4b  X-ray  photo  of  conductor  path  near  coupling  at  tension  cycle  end. 


Amy  RotatioD  -135.0  deg  Y  Sign  •  1 

Pilch  offset -2.80  d^  Roll  Offset  0.S0  deg  Roll  Sign  *1 

Mag.  Inc.  7.00  d^ 

Hyd  X  offset  0.0159  Hyd  y  Offset  0.0135  Outliers  Removed:  1 


Range  data  is  solid  line,  SSAR  Final  s  -i-.  No  Smoothing  or  Averaging 


C.5  Relative  x-y  position  of  the  subsea  array  with  respect  to 
the  surface  buoy.  The  solid  line  is  the  AUTEC  tracking 
data  and  the  "  + "  are  the  SSAR  USBL  data.  The  surface 
vessel  was  used  to  pull  the  buoy  in  order  to  create  this 
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C.6  Moored  acoustic  array  with  SSAR  processing  and  recording 
electronics  planned  for  deployment  during  the  August  AUTEC 
test  cruise. 
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SSAR  Array  Heave  Response  Test 

May  25, 1994  at  Hazdtine  Corp.  Braintree,  Mass 

Setup 

TIk  airay  was  attached  to  a  rope  which  was  coupled  to  a  DC  motor  using  a  rotating  bar  on  the 
shaft  of  a  reduction  system.  The  rotation  speed  c(^  be  observed  with  a  spectrum  analyzer.  Both 
3  and  6  foot  excursions  were  tested.  The  table  at  the  end  of  this  document  summarizes  the  data 
fr<xn  the  e}q)eriment. 

Summary  of  Important  Results 

The  heave  of  the  hydrophone  introduces  a  large  signal  which  was  calculated  in  an  earlier  note. 
This  test  was  perfonned  to  verify  previous  calculations  and  to  ensure  that  the  signal  out  of  the  hy- 
dn^bone  was  as  expected  given  the  manuf^xurers  specified  response.  We  also  wished  to  make 
sure  that  the  filtering  in  the  analog  front-end  was  coirea.  The  calculations  of  the  heave  signal  are 
attached  (memo  of  Jan  23. 1994).  In  summary,  a  10  meter  excursion  would  produce  0.28  volts  di¬ 
rectly  at  the  hydrc^bone  output  at  0.1  Hz.  Thus  for  a  2  meter  excursion  0.056  volts  would  be 
obs^ed.  An  excursion  of  1.83  meters  (6  feet)  should  yield  0.051  volts. 


Heave  freq  0.08  sec.  d«6  ft  (hazi4.(lat) 


Tune  (sec) 


Figure  1 .  Direa  hydrophooe  ou^t  from  the  array  during  displacemeiit  test  High  frequency  noise  is  due  to 
motor  vibradon  ooupli^  down  me  cable  A  slight  jerk  in  die  ^tem  causes  the  spike  at  the  bottom  of 
eadi  stroke. 
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FFT  Of  raw  hydrophone  signal.  (hazl4.dat) 


F^ure  2.  Requeocy  domain  plot  of  hydrophone  data. 


Tbe  signal  in  Figure  1  was  taken  at  6  feet  displacement  at  0.08  Hz.  The  peak  to  peak  magnimde  is 
qiproximatdy  0.03  volts  which  matctes  die  ou^ut  calculated  from  the  re^nse  of  the  EAI  hydro¬ 
phone.  The  Fourier  transform  of  this  signal  is  shown  above.  Tbe  heave  signal  is  about  -23  dB  re 
volt 

The  next  two  stages  in  tbe  front  end  are  (1)  low-noise  transistor  anqilifier  with  20  dB  gain  and  1 
high  pass  pde,  (2)  op-amp  stage  with  an  additional  high  pass  pole  and  another  30  dB  of  gain. 
Geariy.  if  die  large  low  fr^ency  signal  is  not  attenuated  before  tbe  gain  is  added  the  ouqiut  will 
dip  when  tbe  heave  signal  is  large. 

At  the  output  of  the  first  stage  the  heave  agnal  is  -37  dB  re  volt  (Figure  3).  This  is  after  20  dB  of 
gain.  The  total  atteouation  is  thus  12-f20  or  32  dB  after  this  stage.  Tbe  net  atteouadon  is  12  dB.  A 
10  nwter  signal  (0.28  volts  or  -11  dBV)  would  be  at  -23  dBV  (wdl  below  tbe  dijqiing  levd). 

At  die  onqnit  of  die  second  stage  the  heave  signal  is  -62  dBV  (Figure  4).  This  is  after  a  total  of  30 
dB  of  gain.  Tbe  total  attenuatitm  is  thus  374-30  or  87  dB  after  this  stage.  The  net  atteouadon  is  37 
dB.  A  10  meter  signal  (0.28  vdhs  or  -11  dBV)  would  be  at  -48  dBV  (wdl  bdow  die  dipping  lev- 
d). 

Tbe  next  stages  in  tbe  system  are  tbe  bandpass  filters  and  variable  gain  ibe  mayinwim  gain  from 
the  variable  gain  stage  is  48  dB.  Tbe  most  likdy  amplificadon  value  for  diis  stage  is  about  20  dB. 
dqiending  on  tbe  ambient  noise  level.  Even  if  die  fhll  48  dB  of  gain  were  used,  the  heave  signal 
would  be  brought  to  0  dBV  after  this  stage.  However,  an  addidonal  2  pdes  of  high  pass  filtering  is 
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in  the  circuit  before  the  A/D  converter.  This  provides  well  over  40  dB  of  additional  attenuation  to 
reduce  die  heave  signal  to  very  small  levels  befme  sampling. 

An  additional  bench  test  will  be  done  to  determine  the  exact  level  at  which  the  system  will  clip, 
but  by  extn^polating  the  numbers  from  this  test  it  appears  as  though  10  meters  heave  at  0. 1  Herz  is 
not  at  all  a  problem  for  the  analog  front-end. 


FFT  after  i  HP  pole  and  20  dB  gain.  (hazl4.dat) 


Figure  3.  Ou^  after  the  transistor  amplifier  sta^  in  (he  front-end  for  die  0.08  Hz  signal  at  1.83  meters 
di^laoemenL  The  heave  signal  is  reduoM  to  about  -37  dB  re  volt 


A  number  of  otha  data  sets  were  taken  at  differem  displacements  and  frequencies.  They  will  be 
used  as  reference  to  check  the  calculations  for  heave  signals  at  the  bydrt^hone  and  through  the 
front-end. 
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FFT  alter  2  HP  pole  and  50  dB  gain.  (hazu.dat) 


Flgare  4.  Oa^pat  after  the  op-amp  stage  in  the  frool-end  for  ifae  0.08  Hz  sigiial  at  1.83  nieim  dirolacement 
Hie  beave  sjg^  is  reduced  to  about  ^2  dB  re  volt  at  diis  point.  While  dieie  is  still  fixed  gain  mtx  this, 
diere  are  2more  high-pass  poles  before  the  converter  to  keep  any  reskhial  heave  sig^  to  very  small 
levels 
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Sur&ae  SuopendKl  Aoouotic  Receiver 


Prototype  (AUTEC)  Array  Testing 

Tbe  may  used  at  AUTEC  was  tested  after  the  new  may  testing  was  complete.  It  was  su^nded 
with  ^  lbs  of  weight  hanging  about  15  feet  below  it  The  response  of  the  hydrophones  used  for 
this  array  is  >168  dB  as  opposed  to  -185  dB  for  tbe  new  bydrt^bones.  While  tbe  heave  response  of 
the  array  will  be  examiried.  of  more  importance  was  the  discovery  of  a  very  high  sensitivity  to 
light  taps  on  the  array  caUe. 

The  top  plot  in  the  figure  below  is  the  taw  hydrof^Kme  output  An  inpulse  is  followed  by  high  fre¬ 
quency  signals  that  slowly  decay.  It  should  be  noted  that  this  waveform  is  probably  aliased  be¬ 
cause  it  is  satn(ded  at  300  Hz  without  low-pass  filtering.  When  an  oscilloscope  was  used  to 
examine  the  sigiuds  they  were  found  to  contain  some  rdativdy  high  frequency  components  up  to 
600  Hz.  However,  most  of  tbe  energy  is  between  20  and  40  Hz.  The  bottom  plot  is  tbe  output  of 
the  final  stage.  It  is  clipped  in  amifiimde  and  has  a  duration  of  about  0.3  seconds. 


Raw  Hydrophone  OugxJt  (haz24.dat) 


^  0.15 
1 

1 - 

1  1  "  1  " 

0.1 

« 

1 

1  0.05 
1  0 

_ _ _ _ _  , 

-0.0^ 

f 

6 

16.5  17  17.5  18 

Time  (sec) 

Rnal  Stage  Oiqput  (ha224.dat) 

2| - ^ ^ , 


Time  (sec) 

FjgureS.Ouqiutduringty  test  The  array  was  held  sdll  and  the  cable  was  tqjped  lightly  widi  a  pen. 


The  construction  of  this  array  is  such  that  tbe  hydrophones  are  mounted  by  their  can- 

celirig  nibs  at  fiieir  lon^tudinal  midpoints.  A  ring  is  used  to  bold  them  to  a  PVC  tube  which  was 
attached  to  tbe  Kevlar  strength  member  by  lacing  cord.  An  Ace  bandage  was  wrapped  around  the 
entire  assembly  and  held  in  place  with  tape,  ft  appears  that  this  provides  very  litde  damping  from 
inpulse  signals  on  the  caUe  (despite  tbe  acoelvation  raiM^Jing  mounts).  While  in  many  ^plica- 
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ttons  this  may  not  be  ioq)Oftaiit  (mooriags  without  a  surface  e}q[>ression  for  example),  for  the 
SSAR  the  l^dhophtmes  must  be  very  robust  with  respea  to  motion  of  the  cable. 

This  ixrise  may  be  the  same  as  that  observed  in  the  AUTEC  data.  Frequency  domain  plots  of  the 
t^  test  data  are  shown  below. 

The  noise  observed  in  the  AUTEC  data  will  be  re-examined  in  light  of  this. 


Signal  before  final  high  pass  fillers 


Figure  6.  Frequency  domain  plat  of  the  impulse  sigiud  at  both  the  final  ou^t  stage  and  just  before  the  last 
high  pass  filler  stage.  Note  tfam  die  dominant  eneigv  is  between  10  and  40  but  that  the  bypass  filters 

remce  diat  aghificimdy  before  it  is  sanqiled.  The  AUTEC  data  showed  large  amounts  of  noise  energy  at 
about  40  Hz. 
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Woods  Hok  Oeeano|rs|iluc  hstiniiioa 


Surfsoe  Suspended  Acoustic  Receiver 


Summary  of  Dest  Data  lUien 


0745  Anive  and  be^  setup 

0845  Setup  caa4>kte  with  final  SSARaiTay(C&M  Tech  with  EAIHydro(dioQes). 


Tine 

0846 

0857 

0903 


0925 

0945 


1050 


1136 


1202 


1216 


1242 


1302 

1336 


File  Blocks  Disp/FVtq 

hazl  2  37.0.3  Hz 

haz2  2 

haz3  10 

Equipment  rack  ground  removed. 


Commeats 

Grounded  case  and  racks  to  water 
Ground  firom  F£.  case  to  watm. 


Vi^th  10  pound  weight  below  the  anay  found  diat  a  huge  24  Hz  signal  was  generated 
at  the  bottom  of  the  stroke. 

haz4  10  “  Changed  array  weight  to  20  lbs. 

haz5  10  “ 


Removed  hydrophone  from  PVC  tube  and  wrapped  directly  to  the  cable  with  an  ace 
bandage  to  see  if  die  hydrophone  is  jostled  inside  the  tube  during  the  direction  reversal 
at  the  bottom  of  the  stroke. 


haz6  10  no  motion 

Added  ground  inside  F£.  case  to  allow  observation  of  DC  signals  on  scope. 
Discanoected  monitor  cables  during  data  coUectioa 
Some  20  Hz  signals  are  caused  by  hitting  the  cable. 
haz7  10  3’A).3  Hz 


Changed  service  loc^  to  hold  cable  clear.  Moved  array  off  aluminum  catwalk  over  hole 
in  barge.  Found  that  just  walking  on  die  catwalk  widi  the  array  on  it  would  transmit 
noise  down  to  the  hydrophone  josdmg  the  array  cable. 

All  channels  were  clipped  (bipolar).  Hydrophone  ouqnit  was  clipped  at  V-f. 
haz8  10  3’A).1  Hz 

Disconnected  channel  4  from  A/D  mux  to  try  to  fix  above  problem.  Saturating  mux 
on  one  dumnel  causes  data  from  odier  channels  to  ^ipear  clqqied  as  well  GC  takes 
time  to  recover) 

haz9  10  **  Removed  10  lbs  off  counterwei^t 

Added  2.4  kohm  resistor  in  aeries  with  input  to  imix  on  channel  2.  and  5.1  kohms  for 
dumnel4. 
hazlO  10 

Rettoeed  hydrophone  mounting,  changed  ttttaciBnent  a  litde.  Wrapped  ace  bandage 
around  die  element  before  putting  into  the  PVC  tube.  Used  aoe  bandage  to  attach  tube 
to  cable.  He-wrqTS  had  been  used  to  hold  element  into  tube  and  tube  to  caUe.  Put  mesh 
over  tube  as  before,  but  tried  to  puff  it  out  as  mudi  as  possiUe  before  uqiing  ends  down, 
hazll  10  3'A).3Hz 

Hydtoidiooe  signal  is  now  much  cleaner  dum  in  data  set  9. 
hazl2  20  6’/0.06Hz 
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Wood*  Hok  OeMOogripltic  feMitiflioa 
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Note  ditt  sooie  jeridness  is  feh  od  cable  during  downward  swing.  Vibradoo  is 
difieiciu  after  changing  counterweight,  but  is  sdll  present 


1356 

hazl3 

20 

6’A).09Hz 

Sprayed  some  WD40oo  knot  in  center  of  pull  rope.  Doesn’t  seem  to  change  jeridness 
atalL 

1435 

hazl4 

20 

6’/D.06  Hz 

riianjait  (o  pulfey  SO  that  center  knot  would  not  slip.  Not  a  big  difference. 

1444 

hazl5 

20 

6’A).147  Hz 

1448 

hazld 

20 

6’A>.22  Hz 

1455 

hazl7 

20 

6’A).29Hz 

1502 

hazl8 

-47 

6’/0.29Hz 

Sample  feeq  is  600  Hz 

1512 

hazl9 

20 

3/.029HZ 

1520 

haz20 

20 

3’A).48  Hz 

WtiyyeAy  at  diis  speed. 

Changed  to  prototype  array  used  at  AUIEC 


1540 

haz21 

20 

3'A).26Hz 

Not  connected  yet  no  data. 

1546 

haz22 

20 

3’A).26Hz 

1555 

haz23 

20 

3’A).15  Hz 

1605 

haz24 

20 

not  moving 

Tqq)ed  cable  several  times  widi  different  intensity.  Also  lifted  a  few  inches  and  dropped. 
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Lee  Freitag 

Response  of  hydrophone  array  to  low>frequency  heave 

(Revised  to  reflect  ii^t  from  Tom  Ensign  at  EAI  on  correct  preamplifier  reqx>nse.) 

Jan  25, 1994 

Ibm  Ensign  (EAI),  Dan  Frye,  John  Spiesberger 


The  frequency  response  of  the  hydrophone  preamplifier  and  the  vertical  motion  of  the  array  directly  affea 
the  listening  capaWty  of  the  SS  AR.  The  following  summary  shows  the  estimated  affect  of  the  heave  signal 
ontheouqiut. 

1  Pa  3  1.02  X  10^  m  of  differential  pressure 

10*  uPa  3  1.02  X  10*^  m  (1  cm) 

and  so  2x10*^  uPa  3  2m 

2x10*®  uPa  ->  206  dB  re  uPa  (for  2  meters) 

Most  of  the  time  most  of  the  waves  will  be  less  than  (x  equal  to  10  meters  in  height,  and  close  to  8>10  sec¬ 
onds.  For  a  10  meter  displacement  the  sound  pressure  due  to  the  differential  pressure  is  220  dB  at  the  fre¬ 
quency  of  motion. 

The  sensitivity  of  the  selected  hydrophone  (EAI-  101-R)  is  •  185  dB  re  uPa.  The  output  of  the  preamplifier  is: 
SL-185-Ap,(f) 

where  A^(f)  is  the  frequency  dependent  attenuation  of  the  preanq>lifier.  Obviously  in  the  passband  this  is  1 . 
For  the  EAI-lOl-R  the  response  is:  3  dB  down  at  20  Hz,  sloping  6  dB/octave  below  10  Hz. 

At  flie  wave  frequencies  e}q)ected,  (approximately  0.1  Hz)  Ap,(f)  is: 

Ap«(0.1)>46dB  (firom  Tom  Ensign  at  EAI) 

Ihe  low-frequency  signal  due  to  the  maximum  heave  motion  (10  meters  peak  to  peak)  is  then: 
for  0.1  Hz  220- 185  -  46  3-11  dB  re  Volt  (0.28  volts) 

Tom  Ensign  calculates  that  the  preanqrlifier  output  will  dip  at  2.4  V  peak  to  peak.  This  corresponds  to  8 
Hin«e  the  10  meter  estimated  heave,  llius  the  pre-amplifier  is  capable  of  delivering  die  signal  even  in  the 
presence  Ivge  vertical  excursions,  however  filtering  at  the  input  to  the  next  stage  must  be  set  up  appro- 
iniatdy  to  avoid  diiqiing  the  tomography  signal  when  the  system  gain  is  added. 
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The  cturem  ATOC  signal  is  2  cycles  per  digit  and  centered  at  75  Hz.  Tbe  closest  tbe  3  dB  points  of  any 
filters  in  the  system  should  be  placed  to  the  centa  frequency  is  754y-3SHzor40Hz(HPF)and  US  GJPF). 
However,  the  self-noise  of  the  ineanqilifier-ceranuc  combination  will  increase  when  the  cut-off  point  is  in¬ 
creased  so  it  is  not  desirable  to  move  the  cutoff  beyond  20  Hz.  The  fact  that  tbe  cutoff  is  at  20  Hz  and  not 
at  10  Hz  as  in  tbe  EAI- 101  already  increases  the  equivalem  self  noise  to  46-47  dB. 

Thus  tbe  cutoff  should  be  left  at  20  Hz  and  tbe  second  aage  amplifier  set  up  to  handle  the  0.28  volt  low- 
frequency  signal.  A  single  additional  pde  at  40  Hz  before  tbe  next  gain  sage  reduces  this  level  by  over  40 
dB.  A  second  pcde  is  probably  required  in  order  to  avoid  saturation  before  the  main  gain  stage  and  tbe  high- 
pass  filter  section. 
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TO:  Pierre  Tillier,  Seascan 

ntOM:  Lee  Freitag 

SUBJECT:  Response  of  hydrophone  array  to  low-frequency  heave 

(Revised  to  reflect  iiq>ut  from  Tom  Ensign  at  EAI  on  correct  preamplifia  les^nse.) 

DATE:  Jan  25, 1994 

CC:  Tbm  Ensi^  (EAI),  Dan  Frye,  John  Spiesberger 


The  frequency  response  of  the  hydrophone  pieanq)lifier  and  the  venical  motion  of  the  array  directly  affea 
the  listening  cspal^ty  of  the  SSAR.  The  following  summary  shows  the  estimated  affect  of  the  heave  signal 
on  the  ouq>ut. 

1  Pa  s  1.02  X 10^  m  of  differential  pressure 

10*  uPa  *  1.02  X  10-2  m  (1cm) 

and  so  2x10’^  uPa  s  2  m 

2x10’^  uPa  ->  206  dB  re  uPa  (for  2  meters) 

Most  of  the  time  most  of  the  waves  will  be  less  than  or  equal  to  10  meters  in  height,  and  close  to  8-10  sec¬ 
onds.  For  a  10  meter  displacement  the  sound  pressure  due  to  the  differential  pressure  is  220  dB  at  the  fre¬ 
quency  of  motitm. 

The  sensitivity  of  the  selected  hydrt^bone  (EAI-  101-R)  is  - 1 85  dB  re  uPa.  The  ouq>ut  of  the  preamplifier  is; 
SL-185.Ap.(f) 

where  A^(f)  is  the  frequency  dqrendent  attemiation  of  the  preamplifier.  Obviously  in  the  passband  this  is  1 . 
For  the  EAI- 101-R  the  response  is:  3  dB  down  at  20  Hz,  sloping  6  dB/octave  below  10  Hz. 

At  the  wave  frequencies  expected,  (^proximately  0.1  Hz)  Ap,(f)  is: 

Apa(0.1)s46dB  (from  Tom  Ensign  at  EAI) 

The  low-frequency  signal  due  to  the  maximum  heave  motion  (10  meters  peak  to  peak)  is  then: 
for  0.1  Hz  220  -  185  -  46  s  -1 1  dB  re  Volt  (0.28  volts) 


Tmn  Ensign  calculates  that  the  preanqtlifier  ouqtut  will  clip  at  2.4  V  peak  to  peak.  This  corresponds  to  8 
times  the  10  meter  estimated  heave.  Thus  the  pte-anq>lifia  is  capable  of  delivering  the  signal  even  in  the 
presraoe  of  large  vertical  excursions,  however  filtering  at  the  iiqmt  to  the  next  stage  must  be  set  up  ^>pro- 
priatdy  to  avoid  clipping  the  tomography  signal  when  the  system  gain  is  added. 
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Hie  cuirem  ATOC  signal  is  2  cycles  per  digit  and  centered  at  15  Hz.  The  closest  the  3  dB  pttots  of  any 
filters  in  the  system  should  be  placed  to  the  center  fiequcncy 75  +/-  35  Hz  or  40  Hz  (HPF)  and  1 1 5  (LPF). 
However,  the  self-noise  of  the  preamplifier-ceramic  combination  will  inaease  when  the  cut-off  point  is  in¬ 
creased  so  it  is  not  desirable  to  move  the  cutoff  beyond  20  Hz.  The  fact  that  the  cutoff  is  at  20  Hz  and  not 
at  10  Hz  as  in  the  EAI- 101  already  increases  the  equivalent  self  noise  to  46-47  dB. 

Thus  the  cutoff  should  be  left  at  20  Hz  and  the  second  stage  amplifier  set  up  to  handle  the  0.28  volt  low- 
frequency  signal.  A  single  addititmal  pole  at  40  Hz  before  the  next  gain  stage  reduces  this  level  by  over  40 
dB.  A  second  pole  is  probably  required  in  order  to  avoid  saturation  before  the  main  gain  stage  and  the  high- 
pass  filter  section. 
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SSAR  Engineering  Test  Plan:  AUTEC 

NUSC  AUTEC  Range 
Preliminary 


Test  Goals 

Tbe  specific  goals  for  the  AUTEC  test  are  doailed  bdow.  They  essentially  include  all  en^i^ering 

elements  of  the  SSAR. 

1.  Perfcmn  final  test  of  ultra  short  baseline  tracking  system  by  using  the  AUTEC  range  to  measure 
the  exact  locations  of  tbe  buoy  and  subsurface  package. 

2.  Perfrnm  test  of  GPS  navigatirm  system  at-sea  by  comparing  de-jittered  GPS  data  with 
range-supplied  positions. 

3.  Test  collection  and  processing  of  70  Hz  m-sequence  signals  using  the  tomography  array.  Raw 
acoustic  data  will  be  stmed  to  disk.  Processed  data  will  be  loaded  into  tbe  argos  transmitter  and 
stored  to  disk. 

4.  Collection  of  tension  data,  statistics  as  well  as  time  series. 


Special  Requirements  for  the  Test 

1.  The  source  vessel  must  be  kept  as  quiet  as  possible  during  tbe  source  transmissions.  It  is  pro¬ 
posed  that  an  inverter  be  used  on  the  ship  in  (xder  to  reduce  generator  noise.  A  system  is  available 
that  could  provide  about  4  hours  of  source  (q)eration.  This  is  tqjproximately  12  IS  minute  trans¬ 
missions  plus  one  hour  of  backup. 

2.  TVacking  is  needed  for  tbe  drifting  SSAR,  tbe  moored  array  and  tbe  source.  Because  tbe  AU¬ 
TEC  pingers  are  high  power  sources,  they  cannot  be  used  at  the  same  time  tbe  low-firequency  array 
is  being  used  excq)t  perhaps  at  a  very  low  duty  cycle.  Tl»  pingers  can  be  equipped  with  sequenc- 
os  that  turn  them  tm  for  a  q)ecific,  programmable,  period  and  then  off  for  a  second  period. 

A  total  of  four  WATT  pingers  will  be  used,  two  on  tbe  drifting  SSAR.  one  on  the  mowed  array, 
and  a  fourth  on  the  acoustic  source. 

Tbe  mooring  pinger  can  be  at  a  much  lower  icp  rate  than  tbe  others  because  its  motion  will  be 
smalL 

Tbe  two  pingers  on  the  drifting  SSAR  will  be  synchronized  with  tbe  pii^er  on  tbe  source.  This  is 
required  to  yield  accurate  positions  for  travel  time  estimation.  Desired  synchronization  is  a  few 
seconds  over  the  course  of  tbe  nperiment 

3.  A  mowing  with  one  of  the  SSAR  arrays  and  subsea  data  acquisition  paricage  will  be  deployed 
along  tbe  edge  of  the  range.  It  will  be  placed  within  about  2  miles  of  tbe  fixed  mooring  where  the 
source  vessd  will  tie  up  during  transmissions. 
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Summary  of  AUTEC  Equipinent/Facilities  Required 

1.  RA^  Ranger  or  R/V  Rover  rigged  for  ^te  ops  with  inverta-  for  power 

2.  MAXISATS  acoustic  source  with  WATT  pinger  for  tracking  exact  source  location. 

3.  2  WATT  pingers  for  the  buoy  and  subsea  package  that  will  be  free  drifting. 

4.  1  WATT  pinger  for  the  moored  acoustic  array. 

5.  Sta^g  area  such  as  the  RUB  4  building. 

Notes:  All  WATT  pingers  require  sequeircers. 

SSAR  Equipment 

1.  Snubber  Buoy  with  batteries 

2.  Snubber  Hose  and  subsurface  buoy 

3.  E/M  cable 

4.  Subsea  pressure  case,  ultra-short  baseline  acoustic  array  and  batteries 

5.  Acoustic  array 

6.  Array  weight 

7.  Strong-back  for  WATT  pinger  to  allow  it  to  be  placed  in-line  below  the  acoustic  array,  but 
above  the  weight. 

Mooring  Equqiment 

1.  Mooring  flotation  (subsurface  buoy) 

2.  Subsea  pressure  case 

3.  Acoustic  array 

4.  Strong-back  for  WATT  pinger  to  allow  it  to  be  placed  in-line  below  the  acoustic  array,  but 
above  the  weight 

5.  Wirert^ 

6.  Release  and  deck  box 

7.  Motwing  anchOT 

8.  Glass  balls 

9.  Mooring  hardware  and  deck  gear 
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Schedule  and  Calendar 

August  4dt 

August  19 

August  20-21 

August  22 

August  23 

August  24 
August  25-26 
August  27 

August  28 
August  29 


Lastdsy  to  dtip  heavy  gear  to  Pert  Canaveral  to  make  Aug  12  baige 
FUrsoaoel  Arrive 
IVq>aratioiis  on  shore 
Load  R/V  Ranger 

24  bouts  of  operatiaos  at  sea  with  MAXIS  ATS  and  range  tracking  for 
about  4  hours  in  diat  period 

Contingency,  continued  operations  if  requited. 

On-shore  dtta  analysis 

24  hours  of  operations  at  sea  with  MAXIS  ATS  and  range  tracking  for 
about  4  bouts  in  dtat  period 

Contingency,  continued  operations  if  required. 

Dquttt 
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Overall  Test  Schedule 


Day  1  •  Deploy  Mooring  and  Perform  First  Test 
0600  Depvt 

1000  Anive  fixed  arrty  dq)laymeiit  site 

1200  Place  fixed  array 

1600  Arrive  SSAR  dq>loymeDt  site 

1700  Begin  deployment 

1900  Transit  to  mooring  location 

2000  Secure  on  deep-water  mooring.  Prep  for  quiet  ops. 

2100  IVansmissions  begin 

0100  Irimsmtssions  end 

0200  Begin  transit  to  SSAR  for  pickup 

0300  Start  SSAR  retrieval 

0600  Return  to  AUTEC  port 

0800  Inport 


Day  2  is  contingency  for  weather  or  other  delay 

Day  3-4  On  shore  for  data  analysis 

Day  5  Repeat  test  above.  Also  retrieve  fixed  array. 

0800  Depart 

1000  Arrive  SSAR  dqtloyment  rite 

1100  B^ndqiloyment 

1300  Tranrit  to  mooring  location 

1400  Secure  on  deq>-water  mooring.  Prq>  for  quiet  ops. 

ISOO  Transmissioos  b^in 

1900  Transmissioos  end 

2000  Begin  transit  to  retrieve  SSAR 

2100  Start  retrieval  of  SSAR 

2300  SSAR  on-board 

0000  Tranrit  to  moored  array 

0100  Begin  retrieval  of  moored  array 

0500  Return  to  AUIEC  port 

0700  Inport 


Day  6  is  contingency  for  weather  or  other  delays 
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Detaied  Test  Summary  During  IVansmissions 


The  test  will  involve  transmitting  from  the  source  vessel  at  sped6c  intervals.  The  number  of  trans¬ 
missions  per  hour  will  be  2  or  3.  dq>ending  on  the  total  time  to  complete  a  recqptitm  sequence  on 
the  SSAR.  The  schedule  below  is  for  two  transmissions  per  hour. 


Minute 

Source 

SSAR 

58 

GPS/SBL  localization  active 

0 

Souioe  transmisskn  start 

SSAR  reception  start 

10 

Source  traasmisskui  end 

11 

SSAR  leoepdon  ends  (last  minior  noise  check) 

12 

SSAR  in  situ  prooessiitg 

20 

SSAR  data  processiiig  cooqrleie  and  sem  to  surface. 

28 

Sequence  above  repeats  again 

During  the  tests  the  transmitter  source  power  should  be  varied  at  2-3  settings.  If  3  power  levels  are 
chosen  then  full  power.  -6  dB  and  -12  dB  would  provide  simulated  ranges  of  4  and  12  times  the 
nominal.  This  allows  for  testing  of  the  capability  of  the  SSAR  to  provide  maximinn  processing 
gain.  ’Dansmissions  at  160, 134  and  148  dB  could  be  done  at  both  dose  and  far  ranges. 
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J^p^ndix  C 


Advanced  Engineering  Laboratory 
Woods  Hole  Oceanographic  Institution 
Woods  Hole,  Massachusetts  02543 


May  3,  1994 


'I 


Ralph  Akwine 

Advanced  Research  Projects  Agency 
3701  N.  Fairfax  Drive 
Arlington,  VA  22203 

Dear  Ralph; 

We  are  preparing  a  detailed  operational  test  plan  to  verify  SSAR  operating 
characteristics  and  to  provide  objective  evidence  that  the  SSAR  is  capable  of  measuring  small 
changes  in  acoustic  travel  times  over  ocean  bt^ins.  Before  we  go  too  far  down  the  road  in 
preparing  this  document,  we  wanted  to  give  you  a  summary  of  its  salient  points  and  get  your 
response  to  the  proposed  approach.  The  summary  plan  is  attached. 

On  a  second  subject,  we  are  interested  in  designing  a  low  power  acoustic  receiver  for 
the  SSAR  which  could  be  used  for  both  acoustic  thermometry  and  nuclear  monitoring 
projects.  For  acoustic  thermometry  a  low  power  receiver  would  allow  the  SSAR  to  adapt  on 
the  fly  to  modified  source  trananission  sch^ules.  This  would  make  the  SSAR  a  more 
flexible  instrument  and  minimize  the  potential  for  wasting  SSAR  resources.  The 
develqiment  time  for  this  receiver  is  about  six  months,  so  depending  on  the  ATOC  source 
schedule  it  might  (or  might  not)  be  available  for  use  with  the  operational  SSARs.  A  short 
description  of  the  low  power  receiver  design  is  attached. 

As  you  will  see  in  the  summary  plan,  we  are  recommending  that  two  of  the  ten 
operational  SSARs  be  deployed  in  the  Pacific  m  September  this  year  to  test  their  long  term 
reliability.  They  will  be  fully  operational  so  that  when  the  ATOC  sources  begin  operating, 
they  will  start  collecting  real  data.  In  the  interim,  they  will  collect  ambient  acoustic  data  aiKl 
provide  needed  long  term  test  data.  The  other  eight  operational  SSARs  will  be  held  for 
dqrloymem  after  the  ATOC  sources  are  operating. 


I  will  call  you  in  a  few  days  to  discuss  these  ideas. 


Regards, 


Daniel  E.  Frye 


DEF/wwl 

Enc. 


Telephone:  508-548-1 4C0 


Telex:  951679 


SUMMARY  OF  THE  SSAR  OPERATIONAL  TEST  PLAN 


Test  1:  A  complete  test  of  the  SSAR  system  including  reception,  processing, 
navigation  and  telemetry  will  be  performed  at  die  AUTEC  Acoustic  Test  Range  in  July  or 
August  1994.  This  test  will  utilize  an  AUTEC  provided  70  Hz  source  deployed  from  an 
AUTEC  ship  and  suspended  at  350  feet.  It  will  transmit  an  M-seqi^nce  at  160  dB  source 
level.  A  fully  operational  SSAR  will  receive  those  signals  at  ranges  from  .5  to  10  Km  or 
more  and  the  data  will  be  processed  in  the  SSAR  and  telemetered  to  satellite.  Raw  data  will 
also  be  reconted  in  the  SSAR  to  verify  the  in  situ  processing  algorithms.  GPS  and  ultrashort 
baseline  navigation  systems  will  be  used  to  determine  SSAR  positions  and  these  will  be 
ctmipared  to  positions  determined  independendy  by  the  AUTTC  tracking  system. 


A  moored  SSAR  receiver  array  will  be  installed  using  a  sub-surface  mooring  and  will 
also  receive  and  record  the  source  signals.  This  will  allow  a  comparison  to  be  made  between 
data  collected  by  a  fixed  receiver  aiKl  data  from  a  drifting  receiver  in  close  proximity.  These 
tests  will  be  performed  several  times  over  several  days  with  time  for  data  analysis  scheduled 
between  test  runs. 


The  general  goals  of  this  test  are  listed  below.  The  specific  tests  and  analyses  will  be 
detailed  in  the  Operational  Test  Plan  document. 


1. 


Verify  SSAR  positioning  accuracy  to  ±  30m  by  comparing  the 
internally  derived  position  (with  GPS  correction)  to  tte  positions 
determined  independendy  by  the  AUTEC  tracking  system. 


2.  Verify  the  sensitivity  and  noise  rejection  of  the  acoustic  array. 
This  will  be  done  by  receiving  the  source  signal  at  an  SNR 
equivalent  to  that  anticipated  for  the  ATOC  source  at  40(X)  Km 
distance  under  typical  oceanic  conditions. 


3.  Verify  the  receiver  processing  algorithms  by  comparing  results 
processed  in  situ  and  telemetered  via  the  Argos  transmitter  to 
raw  data  stored  in  the  SSAR  and  post-processed  in  the  lab. 


4.  Verify  the  overall  SSAR  performance  by  conqiaring  data 
collected  by  the  SSAR,  which  moves  with  the  waves  and 
currents,  to  data  collected  by  the  moored  array. 


Test  H:  To  verify  the  long-term  reliability  of  the  SSAR  we  need  to  get  experience 
with  operating  systems  in  the  open  ocean.  To  make  best  use  of  time  we  are  recommending 
that  two  of  the  operational  SSARs  (one  Snubber  and  one  Standard)  be  dq>loyed  in  the  Pacific 
in  September  1994.  When  ATOC  sources  come  on  line,  these  SSARs  will  receive  and 
process  these  signals.  Until  then,  they  will  receive  and  process  ambient  noise  and  provide 
data  on  system  reliability  needed  to  prove  the  SSAR  concept.  We  plan  to  deploy  these 
SSARs  a  few  hundred  miles  offshore  and  recover  them  six  months  or  one  year  later,  if 
feasible,  to  check  their  mechanical  condition.  The  goal  of  the  test  is  to  verify  that  the  SSAR 


design  is  o^ble  of  operating  one  year  without  mechanical  or  electrical  failure.  This 
verification  is,  of  course,  an  ongoing  process,  lait  the  earlier  we  begin,  the  more  information 
we  can  get. 

Test  ID:  A  SSAR  test  with  an  active  stMirce  in  a  large  ocean  basin  is  a  highly 
desirable  test.  When  an  appropriate  source  is  available,  whether  it  is  cabled,  moored,  or 
ship  lowered,  a  test  similar  in  design  to  the  AUTHT  test  should  be  performed  in  the  Pacific 
over  100s  or  1000s  of  Km.  The  goal  of  this  test  is  to  verify  that  acoustic  signals  prt^gated 
over  basin  scales  and  measured  with  the  SSAR  are  interpretable  and  comparable  to  those 
measured  by  fixed  arrays.  Unambiguous  trackii^  and  identification  of  acoustic  multipaths, 
ctnnparison  with  acoustic  models,  and  comparison  with  data  from  fixed  arrays  will  be  used  in 
the  verification. 


Appendix  D 


THB  SSAR  DRIFTING  BUOY  SYSTEM 
A  Nlnf  Approach  por  a  Rrliablb  Trlbhbtry 
Lime  TO  a  Suspsidxd  Sbnsor  Pacxaob 

Walter  Paul,  Alessandro  Bocconcelli,  and 
Paul  R.  Boutin 

Woods  Hole  Oceanographic  Institution 
Applied  Ocean  Physics  &  Engineering  Department 
Woods  Hole,  MA  02540  USA 


IMTRODUCTZON 

The  Global  Acoustic  Mapping  of 
Ocean  Temperatures  (GAMOT) 
project  is  a  multi-institu¬ 
tional  effort  funded  by  the 
Advanced  Research  Project 
Agency  (ARPA)  with  the  goal  to 
establish  techniques  to 
measure  and  analyze  changes  in 
the  heat  content  of  the  ocean 

[1]  ,  In  support  of  the  GAMOT 
project  the  Woods  Hole 
Oceanographic  Institution 
developed  a  new  type  of  free 
drifting  buoy  system  called 
SSAR  (Surface  Suspended 
Acoustic  Receivers) .  They  are 
designed  to  make  very  accurate 
measurements  of  acoustic 
travel  time  between  a  sound 
source  and  the  hydrophone 
array  suspended  from  the 
drifting  buoy  and  to  transmit 
these  data  via  satellite. 
Earlier  publications  of  the 
engineering  development  of  the 
SSAR  buoy  systems  are  found  in 

[2]  [3] .  This  paper  summarizes 
the  earlier  work  and  describes 
results  from  recently 
performed  sea  trials  and 
laboratory  fatigue  tests. 

SSAR  BUOY  SYSTEM  DBSCRIPTION 

The  SSAR  function  is  that  of  a 
sonobuoy  with  a  significantly 
expanded  capability  and  ser¬ 
vice  life.  A  short  vertical 
acoustic  array  is  suspended 


from  a  surface  buoy  at  a  depth 
of  500  meters  and  transmits 
acoustic  and  engineering 
sensor  output  data  via 
telemetry  to  a  satellite.  Two 
SSAR  configurations,  called 
Standard  and  Snubber  have  been 
built  and  are  shown  in  Figure 
1.  In  the  Standard  SSAR  the 
hydrophone  array  and  elec¬ 
tronics  pack  are  suspended 
directly  from  the  surface  buoy 
through  a  15  meter  elastic 
shock  absorber  and  a  500  meter 
long  electro-mechanical  cable. 
In  the  Snubber  SSAR 
configuration  a  sxabsurface 
buoy  is  included  which 
supports  most  of  the  weight  of 
the  suspended  electro¬ 
mechanical  cable  and  its 
payload.  An  80  meter  elastic 
shock  absorber  forms  the 
connection  to  the  surface 
buoy.  The  purpose  of  the 
subsurface  buoy  in  the  Snubber 
configuration  is  to  keep  the 
static  tension  in  the  shock 
absorber  low,  and  to  more 
effectively  decouple  the 
motions  of  the  wave  following 
surface  buoy  from  the  sus¬ 
pended  acoustic  array. 

RSINFORCED  RUBBER  HOSE 
INTRODUCED  AS  SHOCK  ABSORBER 

Tire  cord  reinforced  compliant 
rubber  hose  assemblies  were 
developed  as  elastic  shock 
absorbers  for  the  SSAR 
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Figure  1:  Schematic  Illustration  of  Standard  and  Snubber 
Drifting  Buoy  System 


fojnning  a  protected 
conduit  for  the  passage  of 
electrical  conductors .  The 
hoses  are  designed  to  respond 
with  significant  stretch  to 
the  tensions  generated  by  the 
displacement  of  the  surface 
buoy  relative  to  the  suspended 
array  while  following  the 
surface  waves.  The  hose 
design  combines  techniques 
developed  for  towed  array 
vibration  isolation  modules 


and  offshore  oil  treuisfer 
hoses.  Inside  the  hose  is  the 
electrical  link  between 
sensors  and  surface  buoy.  In 
addition  a  stop  rope  may  be 
used  to  limit  the  stretch  and 
loading  of  the  rubber  hose. 

AT  SEA  DEPLOYMENT 

Both  the  Standard  and  the 
Snubber  prototype  designs  were 
deployed  offshore  Bermuda  for 


an  engineering  test  in 
September  1993.  The  Snubber 
system  was  recovered  after  a 
few  days  when  engineering  data 
telemetered  through  Argos 
suggested  a  loss  in  system 
buoyancy.  During  retrieval  it 
was  discovered  that  the  lower 
10  -  15  meter  of  the  80  meter 
long  Snubber  hose  was  com¬ 
pressed  flat  due  to  low 
density  fill  fluid's  upward 
migration.  The  lower  flat¬ 
tened  hose  portion  caused  less 
displacement  and  thereby  the 
buoyancy  loss.  Data  flow  was 
not  affected,  and  the  hose 
returned  to  its  original  round 
shape  after  retrieved.  The 
Standard  SSAR  was  recovered 
unharmed  and  redeployed  for  an 
enduramce  test  some  50  km 
southeast  of  the  island. 

In  early  December  1993  the 
Standard  SSAR  had  drifted  to  a 
position  close  the  southwest 
reef  of  the  island.  It  was 
recovered  and  redeployed  a  few 
days  later  87  km  from 
Bermuda's  northeast  comer. 
After  4  months  at  sea  the 
Argos  transmission  reported  an 
interrupted  electrical  path 
between  the  surface  buoy  and 
the  suspended  electronics 
package.  The  decision  was 
made  to  terminate  the 
engineering/endurance  test  md 
the  SSAR  was  recovered  from 
its  position  some  100  miles 
north  of  Bermuda  in  order  to 
determine  the  cause  of 
failure .  All  components 
appeared  to  be  in  excellent 
shape  and  no  visible  damage 
was  found  during  recovery  at 
sea. 

RESULTS  FROM  SEA  TESTS 

Conductor  Failure 
Investigation :  Once  ashore 
all  system  components  were 
carefully  inspected  and 


dissected.  An  open  circuit 
was  found  inside  the  elastic 
hose .  The  hose  was  drained 
and  dissassembled  in  order  to 
extract  the  conductor 
cable/stop  rope  assembly. 

The  failure  investigation 
found  the  conductor  path 
inside  the  hose  interrupted. 
The  conductor  assembly  was 
attached  in  1  meter  intervals 
to  the  separate  stop  rope  with 
16%  extra  length,  so  that  the 
conductor  path  would  not  be  in 
tension  until  the  polyester 
stop  rope  neared  its  breaking 
point .  The  excess  conductor 
rope  length  formed  a  loop  just 
above  the  stitched  connection 
points  to  the  stop  rope,  see 
Figure  2 .  The  small  diameter 
loops  rubbed  against  the 
smooth  inner  hose  wall. 
Abrasion  first  consumed  the 
outer  protective  braided 
polyester  jacket.  Once  this 
outer  containment  braid  was 
locally  destroyed,  the  single 
layer  of  helically  wrapped 
conductors  formed  a  sharp  loop 
by  untwisting.  The  deformed 
conductor  layer  started 
rubbing  against  the  hose  wall 
in  a  small  sharply  bent  area, 
first  abrading  the  thin  in¬ 
sulation  and  subsequently  the 
looped  conductors.  Outside  of 
the  loop  or  snarl  areas  the 
conductor  rope  looked  like  new 
with  no  sign  of  wear  or  elec¬ 
trical  damage. 

Natural  Freouencv  of  Drifting 
Buoy  System:  The  period  of 
one  tension  cycle  lasted  about 
3  seconds  for  the  Standard 
SSAR,  close  to  the  natural 
period  of  its  spring  mass 
system.  Since  a  3  second 
period  is  associated  with 
light  weather  waves,  the 
drifting  buoy  system  is  in 
damped  resonance  while 
amplifying  a  benign  sea  state. 


Figure  2:  Harness  of  stop 
rope  and  conductor  rope  inside 
Standard  stretch  hose: 

(a)  as  built  with  6  inch 
slack  of  conductor  rope 
between  attachment  points  to 
stop  rope 

(b)  configuration  after  4 
months  at  sea;  conductor  rope 
migrates  down  towards  point  B 
and  forms  loop 

(c)  detail  of  abrasion  area 
of  conductor  rope  loop, 
abrasion  destroyed  conductors 
after  4  month  at  sea 


At  higher  sea  states,  the 
system  acts  like  a  wave 
follower  with  decreasing 
amplification  of  the  surface 
buoy's  wave  motions  and 
tensions  acting  on  the  sus¬ 
pended  electronics  pack  and 
bottom  end  of  the  stretch 
hose.  It  is  impractical  to 
design  the  drifting  buoy  sys¬ 
tem  with  a  natural  frequency 
lower  than  the  destructive 
high  energy  storm  wave 
frequencies  (<0.7  Hz)  to 
obtain  a  true  vibration 
isolation,  since  it  would 
require  either  a  much  longer 
shock  absorbing  hose  (softer 
spring)  or  a  much  higher 
suspended  mass.  This  would 
increase  the  service  loading 
and  thereby  increase  the  size 
and  cost  of  the  system 
substantially.  The  main 
function  of  the  stretch  hose 
is  therefore  to  act  as  a  shock 
absorber,  not  a  wave 
oscillation  isolator. 

Recorded  Tension  Levels; 

During  the  sc*a  test  the 
Standard  SSAR  transmitted  its 
position  and  its  engineering 
sensors'  outputs.  The  re¬ 
corded  loads  never  exceeded 
1,600  lbs.  On  many  days  the 
tensions  measured  at  the 
surface  buoy  cycled  between 
900  lbs  and  300  lbs  around  the 
static  downward  weight  load  of 
650  lbs  (Figure  3) .  The 
Standard  hose  with  4  inch 
inner  diameter  is  stressing 
its  load  carrying  nylon 
counterhelical  cord  layers 
between  2  and  11%  (at  1,600 
lbs)  of  its  breaking  strength 
without  stop  rope  load  shar¬ 
ing.  However  above  1,100  lbs 
the  stop  rope  engaged  to  share 
the  load,  reducing  the  peak 
hose  reinforcement  loading. 

As  a  design  goal,  a  maximum 
cord  loading  of  10%  of  its 
breaking  strength  was 
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Figure  3 :  Tension  records 

transmitted  from  Standard 
SSAR 


considered  the  upper  limit  for 
long  term  fatigue  endurance. 
The  Standard  hose  loading 
meets  this  goal  approximately 
even  without  a  stop  rope. 

Qther  Engineering  Data: 

Besides  the  tension  the  depth 
of  the  bottom  electronics  and 
its  vertical  acceleration  and 
tilt  were  recorded  and  tele¬ 
metered  as  well  as  the  surface 
buoy  tilt  and  the  battery 
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Figure  4:  Data  recording 
output  from  Standard  SSAR 
test  buoy  on  2/21/94 


Hydraulic  Piston  for  Cyclic 
Load  Extension  Text 


\'oltage  at  the  buoy  and 
electronics  package.  A  daily 
test  data  record  including 
position  of  the  Standard  SSAR 
is  found  in  Figure  4 . 

Evidence  of  Shark  Attack:  The 
upper  hose  section  had  been 
subject  to  shark  attack.  Long 
thin  razorblade-like  straight 
cuts  were  found  on  one  hose 
side,  the  other  hose  side 
showed  impressions  of  the 
lower  jaw's  teeth.  The  cuts 
do  not  penetrate  beyond  the 
fishbite  protective  layer  of 
Kevlar  tire  cord  fabric 
located  about  2 . 5  mm  beneath 
the  hose  surface .  However  at 
one  location,  the  bite 
punctured  through  the  Kevlar 
fabric  but  couli  not  tear  any 
further.  A  small  tooth  tip  was 
found  at  that  spot  as  evidence 
of  the  attack.  The  main  load 
carrying  counterhelically 
arranged  nylon  tire  cord 
fabric  layers  and  the  inner 
hose  wall  were  not  damaged. 

HOSE  FATIGUE  TESTING 

In  order  to  investigate  tne 
stretch  hose  behavior  in  its 
function  as  a  shock  absorber 
under  wave  excitation  a 
fatigue  test  program  was 
undertaken  at  a  commercial 
test  facility.  A  special  test 
machine  was  built  which 
simulates  wave  action  on  short 
stretch  hose  assemblies 
(Figure  5) .  The  test  machine 
flexes  one  hose  end  to  a 
predetermined  angle,  while 
subjecting  the  other  end  to 
tension  cycling,  and  records 
all  pertinent  test  data,  which 
are  summarized  in  Table  1. 

All  test  hoses  were  2  meters 
long  with  molded  in  end 
flanges,  installed  termination 
hardware  and  stop  rope,  and 
were  fluid  filled.  The  hose 
inner  diameter  was  5.1  cm.  In 


HOSE  CYCUC  TEHSION  AND  FLEX  TESTER 

Figure  5:  Hose  fatigue  tester 
simulates  wave  action 
stresses 


all  tests  the  duration  of  a 
tension  cycle  was  9  to  10 
seconds,  which  a  flex  cycle 
was  repeated  every  2.5  to  3.5 
seconds.  First  Hose  Fatigue 
Test:  This  test  was  performed 

with  a  +/-45°  flex  angle  and  a 
tension  cycle  between  50  lbs 
and  1,800  lbs.  At  1,800  lbs 
the  hose  stretches  50%,  euid 
stresses  the  hose 
reinforcement  to  30%  of  its 
breaking  strength,  with 
additional  stress  exercising 
the  flexing  hose  end.  This 


flex-tension  cycle  combination 
simulated  the  hose  response  in 
a  chaotic  storm  without  sup¬ 
port  of  a  stop  rope.  During 
each  load  peak  the  tensioned, 
counterhelical  arranged  nylon 
reinforcement  generates  chok¬ 
ing  pressure  in  the  fill  fluid 
of  220  psi .  The  hose  failed 
at  the  flexing  end.  The 
highly  pressurized  fill  fluid 
penetrated  through  the  hose 
wall  rupturing  the  outer  hose 
rxibber  jacket  after  13,761 
flex  cycles.  The  load  sup¬ 
porting  nylon  reinforcement 
stayed  intact .  The  failure 
location  was  at  the  point 
where  the  hose  assembly  left 
the  steel  coupling  section, 
where  the  steel  pipe  end 
forming  the  coupling  ruptured 
the  rubber  hose  wall,  thereby 
starting  the  burst  failure. 


Second  Hose  Fatigue  Test:  A 
second  test  was  performed  on  a 
new  test  hose  assembly,  with  a 
+/-25°  flex  angle  and  the 
tension  reduced  to  1,300  lbs. 
This  tension  is  stressing  the 
hose  nylon  reinforcement  to 
+/-25%  of  its  breaking 
strength  and  elongated  the 
hose  to  42.5%.  Under  1,300 
lbs  load  the  fill  fluid 
pressure  was  105  psi.  The 
hose  failed  at  the  flexing  end 
after  39,546  bend  cycles  but 
away  from  the  coupling.  A 
tiny  burst  hole  developed  in 
the  area  near  the  coupling 
where  the  elongation  under 
peak  load  increased  from  5%  to 
42.5%  in  less  than  5  inches. 


Lessons  Learned:  From  the 
above  two  tests  it  was  learned 
that  excessive  test  loads  lead 
to  fairly  rapid  hose  wall 
bursting  due  to  high  fill 


fluid  pressure,  and  that  a 
more  gradual  staggered  de¬ 
crease  in  extra  bend  limiting 
reinforcement  had  to  be  em¬ 
ployed.  The  loading  of  the 
tire  cords  of  30%  and  25%  is 
much  higher  than  a  practiced 
safety  factor  of  10  for  nylon 
rope.  The  more  staggered 
decrease  in  extra  bend 
limiting  reinforcement  avoids 
short  hose  length  sections 
with  too  large  elongation 
differentials  under  load.  The 
thin  hose  wall  in  the  stretch 
section  of  only  about  0.25 
inch  should  be  increased  to 
provide  more  shape  stability 
and  burst  resistance.  It  was 
also  concluded  that  test 
tensions  should  be  more  in 
line  with  actual  operating 
loads  in  order  to  determine 
life  expectancy  in  service. 

Third  Fatigue  Test.  Hose  with 
Electrical  Conductors;  A 
third  test  sample  was  build 
which  had  a  more  gradual 
reduction  in  extra  reinforcing 
tire  cord  end  layers,  and  a 
hose  wall  thickness  increased 
from  about  0.25  inch  to  0.5 
inch.  This  hose  was  also 
equipped  with  electrical 
conductors  spiralled  inside 
the  hose  wall  cross  section  in 
a  no-stretch  helical  path  to 
test  a  different  solution  for 
a  survivable  conductor  path 
near  the  sea  surface.  The 
cyclic  tensions  were  initially 
set  between  50  lbs  and  800 
lbs,  but  later  increased  to 
1,300  lbs,  and  a  stop  rope 
shared  the  higher  tensions 
with  the  hose  through  about 
60%  of  the  test. 

This  third  test  hose  performed 
well  in  mechanical  fatigue 
tests.  It  passed  one  million 
flex  cycles  and  about  600,000 
tension  cycles  at  different 
load  levels.  After  641,200 


flex  cycles  the  internal  stop 
rope  was  removed.  The  tests 
without  stop  rope  were  first 
operated  with  about  800  lbs 
peak  tension  and  later  with 
1,300  lbs  tension.  At  800  lbs 
tension  the  load  level  in  the 
supporting  nylon  cords  is  7%, 
at  1,300  lbs  about  13%  of  its 
breaking  strength  in  this  test 
hose  built  with  a  heavier 
wall . 

During  the  test,  in  particular 
after  removal  of  the  stop  rope 
and  increase  of  tension  to 
1,300  lbs,  the  hose  developed 
permanent  stretch  and  seemed 
to  have  pulled  slightly  off 
the  end  of  its  flexing 
coupling,  but  stayed  physi¬ 
cally  intact .  The  electrical 
conductors  did  not  survive  the 
test.  Initial  changes  in 
resistance  were  noticed  after 
632  bend  cycles,  and  the  last 
conductor  failed  at  143,920 
bend  cycles  under  800  lbs  peak 
loading.  A  subsequent  x-ray 
test  of  the  hose  showed  that 
the  conductors  had  parted  near 
the  coupling  at  the  flexing 
hose  end,  but  showed 
additional  signs  of  Z-kinking 
and  damage  in  other  locations 
near  the  flexing  coupling. 

The  x-ray  image  of  the 
conductors  looked  undamaged 
near  the  hose  end  subjected  to 
straight  tension- cycling.  The 
conductors  were  stranded 
AWG#16  copper  wire.  The  low 
elasticity  of  standard  copper 
conductors  is  insufficient  to 
accommodate  the  flexure  caused 
by  hose  elongation.  More 
con^liant  stretchable 
conductor  materials  have  to  be 
devised  which  can  take  the 
abuse  of  a  fatigue  or  sea 
test . 


CONDUCTOR  ISSUES  FOR  STRETCH 
HOSES 

The  relentless  cyclical 
extension  and  relaxation  of  a 
stretch  hose  hanging  from  a 
wave  following  surface  buoy 
and  tensioned  by  the  weight 
and  inertia  of  the  payload 
suspended  from  its  bottom  end 
presents  a  significant  chal¬ 
lenge  for  electrical  con¬ 
ductors  which  have  to  be 
supported  in  this  environment . 
The  advantage  of  arranging 
conductors  inside  the  fluid 
filled  hose  cavity  with 
sufficient  extra  length  to 
accommodate  for  the  hose 
stretch  is  their  mechanical 
protection.  The  disadvantage 
is  that  the  conductors  have 
less  than  1/2%  elastic 
stretch,  and  are  subject  to 
yielding  and  Z-kinking. 

Inside  the  hose  they  are  also 
subject  to  dynamic  tensions 
generated  by  the  lifting  and 
tugging  of  a  vertical  cable 
assembly  due  to  the  surface 
buoy  motion  and  hose  stretch. 
The  conductors  have  to  permit 
up  to  30%  cyclical  hose 
stretch  and  relaxation 

while  oscillating  with  the 
wave  frequencies.  This  is 
made  possible  by  coiling 
strength  member  supported 
, conductor  assemblies  inside 
the  hose  cavity.  The  strength 
member  is  tied  off  to  the  hose 
coupling  bulkheads  to  take  any 
tension  off  the  electrical 
conductors  and  connectors. 

Our  prototype  designs  included 
an  initially  slack  stop  rope, 
which  starts  load  sharing  with 
the  stretch  hose  beyond  a 
predetermined  hose  elongation. 
In  the  prototype  Standard  SSAR 
a  stope  rope  was  arranged  in 
combination  with  a  longer 
conductor  rope .  In  the  proto- 


type  Snubber  SSAR  a  single 
unit  served  both  as  a  stop 
rope  and  a  conductor  carrier. 
The  prime  reason  for  a  stop 
rope  is  to  have  an  elongation 
limiter  for  the  stretch  hose 
'to  prevent  the  loading  of  the 
hose  reinforcement  above  safe 
limits. 

The  vertical  suspension  of 
conductor  assemblies  generates 
weight  and  inertia  tensions  at 
the  top  end.  Unless  the 
coiled  assembly  can  maintain 
its  shape  in  a  truly  elastic 
manner  or  can  be  made 
weightless  in  the  fill  fluid 
by  adding  distributed 
flotation  material  it  will 
tend  to  migrate  to  the  bottom 
of  the  hose  assembly  due  to 
gravity.  This  will  add 
dynamic  tension  in  the  upper 
portion  of  the  cable  assembly 
and  possible  entanglement  at 
the  bottom  of  the  hose,  or  can 
lead  to  snarling  of  excessive 
conductor  rope  length  above 
attachment  points  to  the  stop 
rope. 

The  simplest  stretch  cable  is 
the  coiled  telephone  cord, 
which  can  typically  increase 
its  length  five  fold  and  can 
therefore  easily  accommodate 
the  20  to  30  percent  cyclical 
length  change  of  the  stretch 
hose  in  a  severe  sea  state. 

If  such  a  cord  is  able  to 
retract  to  its  coiled  con¬ 
figuration  even  after  a  large 
number  of  extension  cycles, 
and  if  it  is  sized  to  fit  into 
the  hose  cavity  without 
entanglement,  it  should  form  a 
relicUsle  conductor  path.  In 
support  of  this  approach  a  10 
meter  high  vertical  conductor 
fatigue  test  facility  was 
constructed  from  transparent 
PVC  tubing.  A  coil  cord 
assembly,  slightly  smaller 
than  the  inner  diameter  of  the 


water  filled  tubing,  is  being 
lifted  3  ft  every  3  seconds, 
and  is  passing  the  1  million 
cycle  count  at  the  time  of 
this  writing.  So  far  no 
noticeable  abrasion  or 
snarling  has  been  observed. 

IMPROVED  CONDUCTOR  ASSEMBLIES 
IN  NEW  SSARS 

For  a  currently  ongoing 
assembly  of  five  Snubber  and 
five  Standard  production  SSARs 
we  will  not  use  stop  ropes. 

Due  to  the  inherent  strength 
of  the  hose  assemblies,  they 
are  able  to  support  the 
service  loads  without 
overstressing  the  nylon  tire 
cord  reinforcement .  This 
facilitates  the  incorporation 
of  custom  made  heavy  jacketed 
coil  cord  assemblies  into  the 
hose  cavity,  since  they  do 


Figure  6:  Coil  cord 

assemblies  prevent  snarling 
inside  hose 


Table  1:  Conditions  and  results  of  hose  flex  and 
tension  fatigue  cycling  tests 


TEST  RESULTS 

HOSE  SAMPLE  #1 

HOSE  SAMPLE  #2 

HOSE  SAMPLE 
#3**  with 
Conductors 

Min  and  Max 
Load 

0-1,800  lbs 

0-1,300  lbs 

0-800 

lbs 

0- 

1,300 

lbs 

Load  Cycle 
Duration 

10  sec 

9.5  sec 

9  sec 

10  sec 

Elongation* 
at  Max  Load 

50%. 

42.5% 

31 

40 

Flex  Angle 

4  5= 

25° 

30° 

30° 

Duration  of 
Flex  Cycle 

3  sec 

2.5  sec 

3 

3.5 

Fill  Fluid 

1  Pressure  at 

I  Max  Tension* 

220  psi 

105  psi 

36 

62 

1  Load  Cycles 

1  till  Failure 

4,152 

9,  878 

671,500 

without 

failure 

(conductors 

1,478-70,980) 

Flex  Cycles 
till  Failure 

13,761 

39,546 

1,000,000 

without 

failure 

(conductors 

3,500-143,920) 

Failure  Type 
and 

Localization 

Burst  failure 
at  end  of 
steel 
coupling. 
Reinforcement 
intact . 

Small  burst 
hole  at  taper 
of  extra 
reinforcement ; 
hose  otherwise 
intact . 

Hose  survived 

6  weeks  of 
fatigue 
cycling 
without 
failure.  Some 
changes 
observed  at 
flex  coupling, 
dissection  of 
hose  is 
planned . 

♦Elongation  and  fill  pressure  in  compliant  section  of  test  hoses 
at  load  cycle  100. 


**  Hose  was  built  with  twice  the  wall  thickness  than  samples  1 
and  2 . 


not  have  to  share  the  space 
with  a  separate  stop  rope 
(Figure  6) .  The  coil  cords 
are  manufactured  with  a  heavy 
neoprene  outer  jacket,  which 
is  steam  vulcanized  into  its 
required  coil  configuration. 
The  survival  of  these  highly 
elastic  coil  cords  for  a 
year's  mission  is  expected 
based  on  the  cord  fatigue  test 
results . 
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We  are  near  the  end  point  of 
the  development  of  the  SSAR 
drifting  buoy  systems  for  the 
GAMOT  program.  Through  system 
modeling  as  well  as  modeling 
and  fatigue  testing  of  the 
newly  developed  compliant 
stretch  hoses  and  compliant 
conductor  assemblies  we  seek 
to  gain  at  least  one  year 
electrical  and  mechanical 
survival  of  the  buoy  system. 
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Applied  Research  Laboratories,  The  University  of  Texas  at  Austin  (ARLrUT),  is  tasked  to 
provide  Woods  Hole  Oceanographic  Institution  (WHOI)  with  a  method  and  system  for 
determining  accurate  positions  of  free  floating  Surface  Suspended  Acoustic  Receivers 
(SSAR).  ARLrUT  is  to  provide  guidance  in  the  selection  of  Global  Positioning  System  (GPS) 
equipment,  and  determine  the  best  method  of  obtaining  SSAR  positions.  During  this  quarterly 
peri^,  the  following  progress  was  completed. 


Subtask  3:  Develop  Receiver  Control  Software 

As  part  of  the  GPS-based  buoy  positioning  system,  ARLrUT  developed,  tested  and 
delivered  software  to  control  the  GPS  receiver  onboard  the  buoy.  This  software  is  designed  to 
initialize  the  GPS  receiver,  collect  positions  at  system-specified  times,  and  prepare  a  data 
table  containing  buoy  position  and  GPS  satellite  information  for  ARGOS  transmission.  During 
this  report  period,  ARLrUT  completed  several  software  refinements  requested  by  WHO!  and 
Applied  Research  Laboratories,  Pennsylvania  State  University  (ARLrPSU).  These 
enhancements  were  required  to  support  the  system  interface,  and  to  provide  additional 
(fiagnostic  information  during  system  (^ration.  Final  software  testing  was  performed  over  a 
pei^  of  8  weeks  to  insure  functionality  and  robustness.  There  have  been  no  problems  or 
anomalies  observed  by  ARLrUT  during  testing.  The  receiver  control  software  is  now 
considered  fully  operational,  and  has  been  delivered  to  WHOI  to  support  system  testing.  This 
subtask  is  considered  complete  with  the  exception  of  any  modifications  that  may  be  identified 
during  ffoal  system  integration. 


7-  Integrate  and  Test  the  Position  Correction  Facility 

During  the  previous  report  period,  the  system  design  for  the  Position  Correction  Facility 
(PCF)  was  completed,  and  integration  of  ttte  components  into  a  deliverable  system  was 
begun.  The  first  portion  of  the  PCF  consists  of  three  software  components  that  combine  data 
from  the  SSAR  with  GPS  satellite  ephemeris  data  obtained  from  the  Detense  Mapping  Agency 
(DMA).  The  functionality  of  the  three  components  are  1)  automated  downloading  of 
ephemeris  data  from  DMA;  2)  decompression  of  the  DMA  data  and  generation  of 
ephemerktes  in  the  proper  format  for  data  processing;  and  3)  reading  ARGOS  decoder  output, 
reconstruction  of  GPS  observables  from  the  buoy  positions,  and  formatting  the  data  for 
removal  of  Selective  Availability  (SA).  The  software  that  performs  the  functions  in  Item  1  was 
completed  during  the  previous  report  period. 

Durfog  thte  report  period,  the  software  for  functions  described  in  Item  2  was  completed,  and 
ARL'UT  oorxiuct^  a  12  week  test  and  evaluation  shakedown  of  the  software.  The  software 
successfully  operated  on  a  daily  bases  over  the  three  month  period,  with  only  four  cfoserved 
anomalies.  The  first  three  anomalies  occurred  after  GPS  week  roll-overs.  The  source  of  the 
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problem  was  identified  in  the  decompression  routine  and  corrected.  There  have  been  no 
further  occurrences  of  this  problem  since  the  corrective  action  was  implemented.  The  fourth 
anomaly  was  attributed  to  receiving  a  modem  call  from  an  unknown  source.  Apparently  the 
calling  party  used  incompatible  communication  settings  that  caused  the  communication 
software  to  lock.  The  software  was  restarted,  but  the  subsequent  data  transfer  that  night  from 
DMA  was  unsuccessful.  The  GAMOT  computer  was  rebated,  and  further  transfers  were 
completed  normally.  No  further  occurrences  were  obsenred.  ARL:UT  is  continuing  to  monitor 
the  software  performance  on  a  daily  basis. 

The  program  within  the  PCF  software  which  performs  the  functions  of  Item  3  was 
completed  during  this  report  period,  and  is  currently  undergoing  a  test  and  evaluation  period. 
As  this  segment  of  the  PCF  software  utilizes  the  coded  ARGOS  data  message,  program 
validation  cannot  be  completed  until  the  ARGOS  message  format  has  been  finalized. 


Additional  Activity: 

Phase  I  Extension  Proposal 

ARLiUT  responded  to  a  GAMOT  Program  Office  request  for  an  initial  assessment  of  cost 
and  effort  required  to  support  an  extension  of  Phase  I.  ARL.UT  identified  four  principal  areas 
that  would  support  the  GAMOT  program  beyond  the  original  scope.  The  areas  identified  are 
additional  PCF  software  support,  processing  corrected  buoy  positions  in  the  event  that 
ARL:PSU's  requests  for  processing  approvals  are  not  granted  prior  to  buoy  deployment, 
assessment  of  viable  unclassified  methods  for  obtaining  buoy  positions  with  required 
accura<^.  and  evaluation  of  improved  GPS  OEM  receiver  technology  and  subsequent 
integration. 

Security  Procedure  information  and  Guidance 

ARL:UT  provided  additional  information  and  guidance  to  ARL:PSU  regarding  facility  and 
system  security  requirements,  and  procedures  for  conducting  the  classified  portion  of  the  PCF 
processing. 


Shawn  Furgason 
Research  Engineer  Associate 


ISSUES  AND  CONCERNS 


Three  issues  are  addressed: 

•  Acoustic  interaction  of  cabled  sources  with  the  bottom  slope,  and 

•  Identification  of  a  source  for  the  autonomous  mooring. 

•  An  at-sea  test  with  a  suitable  source  transmitting  M  sequences  over  long 

range  is  desirable  to  fully  verify  SSAR  operation.  A  short  range 
tomography  test  will  be  performed  at  the  AUTEC  Range  in  August, 
but  a  long  range  test  in  the  Pacific  should  be  scheduled  following  the 
AUTEC  work. 


CABLED  SOURCES  ON  THE  BOTTOM 

As  previously  discussed,  bottom  interaction  may  be  a  problem  for  the  SSARs 
because  the  transmission  paths  change  for  each  different  SSAR  position  and  the 
bottom  interactions  are  typically  not  known  well  enough  to  accurately  predict  its 
effects.  The  Kauai  and  Pt.  Sur  sources  will  be  bottom  moimted.  Detailed  bottom 
surveys  of  the  source  locations  have  be«i  conducted  as  part  of  the  ATOC 
program  and  when  that  survey  information  is  received  from  ATOC  it  will  be 
used  to  develop  an  analytical  understanding  of  the  expected  bottom  interactions 
prior  to  the  deployment  of  the  SSARs. 

In  November  1994,  ATOC  will  conduct  the  AET  test  which  should  provide 
valuable  information  about  signal  to  noise  ratios,  stability  of  multipaths,  and 
possible  bottom  interactions.  GAMOT  will  participate  in  that  test. 


IDENTinCATION  OF  A  SOURCE  FOR  THE  AUTONOMOUS  MOORING: 

TASKD 

The  autonomous  mooring  work  is  delayed  because  a  source  has  not  been 
identified  for  the  mooring  and  the  long  term  source  is  not  appropriate  to 
complete  this  important  aspect  of  GAMOTs  work  prior  to  Jxme  ^,1995. 

ARPA  will  provide  the  more  information  regarding  the  GAMOT  proposal  to 
build  a  70  Hz  source  at  a  meeting  at  WHOI  on  26  August  1994. 

AT  SEA  TEST 

In  addition  to  ATOCs  AET,  we  have  developed  an  at  sea  test  of  the  SSARs  using 
the  HLF-6A  source  suspended  from  a  ship.  There  is  sufficient  funding  to 
conduct  this  test.  The  test  is  described  in  the  attached  letter  from  the  GAMOT 
Program  Manager  to  NMFS.  NMFS  has  given  permission  to  GAMOT  to  conduct 


tfus  test  This  is  a  significant  breakthrough  in  that  this  is  the  first  permission  that 
any  group  (in  this  ARPA  program )  has  received  to  put  sound  in  the  water. 

Appendices: 

A.  Ltr  ftn  John  M.  Kenny /Penn  State  to  Ken  Hollingshead/NMFS  dtd  13  July 
1994 

B.  Ltr  fm  William  Fox/NMFS  to  John  M.  Kenny /Penn  State  dtd  10  August  1994 


pennState 
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(814)863-9401 
FAX;  (814)  863-9527 

GAMOT  Prognun  OfTice  The  Pennsylvania  State  Univeisiiy 

527  Walker  Building 
University  Park.  PA  16802-5013 


July  13,  1994 


Dr.  Ken  HoUingshead 
NMFS 

1335  East  West  Highway 
Silver  Spring,  MD  20910 

Dear  Dr.  HoUingshead, 

Thank  you  for  talking  with  me  today  about  the  feasibility  of  an  experiment  which  would  test 
the  signal  reception  and  signal  processing  of  the  SSAR  (Surface  Suspended  Acoustic  Receiver) 
using  a  source  (HLF-6A)  suspended  from  a  ship. 


Here  is  a  rough  outline  of  the  experiment; 

•  The  duration  of  the  test  would  be  five  days.  This  duration  does  not  include  the  transit  time 
to  and  from  the  selected  transmission  site. 

•  The  transmission  schedule  would  be  six  times  per  day  with  a  signal  duration  of  ten 
minutes.  The  signal  duration  does  not  include  the  ramping  up  of  the  signal  to  the  test 
source  level . 

•  The  center  frequency  would  be  75  Hz  with  a  bandwidth  of  30  Hz  and  a  source  level  of  197 
dB.  The  code  would  be  an  m  sequence. 

•  The  crew  onboard  the  research  vessel  would  include  a  marine  biologist  who  would 
terminate  or  delay  the  test  if  there  was  evidence  of  marine  activity. 

•  During  the  transmission,  the  source  would  be  in  the  sound  channel  at  a  depth  between  500 
and  800  meters. 

•  The  test  would  take  place  during  the  last  two  weeks  in  October  1994. 

•  The  location  of  the  test  will  be  determined  by  the  NMFS  scientist  and  most  likely  will  occur 
in  an  area  of  low  density  marine  life.  The  source  and  support  ship  are  legated  in  Port 
Hueneme,  California. 


We  will  rely  on  you  and  your  scientists  to  recommend  the  best  location  for  this  test  as  well  as 
possible  m^fications  to  the  signal  frequency,  duration,  and  source  level.  This  test  is  not 
meant  to  be  an  alternative  to  the  ATCXZ  sources.  Rather  it  would  be  a  one  time  test  designed 
speciflcally  to  test  the  SSAR. 


L. 


FAX  TRANbMlTiiu. 

JOHN  M.  KENNY 

*^ARL  /  PENN  STATE  UNU. 

*  (814)  863-9401 

(8:4)  863-9527 

An  Equal  Oppottunity  University 


I  look  forward  to  working  with  you  to  design  an  experiment  which  meets  the  criteria  of 
providing  a  robust  test  of  the  SSAR  while  at  the  same  time  not  harming  the  marine 
cnvironnKnt.  If  you  have  any  questions  or  comments  please  do  not  hesitate  to  call  me. 


oc: 

Spiesberger 

Frye 

Cheaure 


Sincerely, 


UNITKO  BTATBS  OBPARTMKNT  OF  COMMBRCK 
N«cien*l  OM«niB  and  AtmeapHarie  Adminiacrafeion 

NATIONAL  MARINE  FISHERIES  SERVICE 
Silver  Spring,  Maryland  SOSIO 


AUG  10  1994 

Dr.  John  N.  Kenny 
Pennsylvania  State  University 
527  Walker  Building 
University  Park,  PA  16802-5013 

Dear  Dr.  Kenny: 

This  is  in  response  to  your  July  13,  1994,  letter  concerning 
the  potential  for  an  incidental  take  of  marine  mzunaals  while 
testing  the  signal  reception  and  signal  processing  of  the  Surface 
Suspended  Acoustic  Receiver  (SSAR) ,  using  an  acoustic  source 
(HLF-6A)  suspended  from  a  ship.  I  understand  that  this  test  is 
to  determine  the  feasibility  of  using  this  receiver  in  the  future 
as  a  part  of  Project  GAMOT  (Global  Acoustic  Mapping  of  Ocean 
Temperatures) .  In  your  letter,  you  request  that  National  Marine 
Fisheries  Service  (NMFS)  scientists  recommend  the  best  location 
for  this  one-time  test  in  order  to  avoid  areas  with  marine 
mammals. 

The  duration  of  the  acoustic  test  would  be  5  days  with  a 
transmission  signal  6  times  per  day  and  a  signal  duration  of  ten 
minutes,  not  including  ramp-up  time  to  reach  the  test  source 
level.  The  transmission  time  therefore,  would  be  approximately 
one  hour  per  day.  The  center  frequency  would  be  75  Hz  with  a 
bandwidth  of  30  Hz  and  a  source  level  of  197  dB  (re  1  uPsl)  at  1 
meter  (m) .  During  the  transmission,  the  source  would  be  in  the 
soxind  channel  at  a  depth  of  between  500  and  800  m  and  would  take 
place  during  the  last  two  weeks  in  October,  1994.  Based  upon  a 
March  14,  1994,  letter  describing  the  GAMOT  project,  we  assume 
that  the  120  dB  isopleth  would  be  approximately  10  kilometers 
(km)  (5.4  nautical  miles  (nm))  from  a  197  dB  source.  At  the 
surface,  the  signal  will  attenuate  to  less  than  120  dB  within  a 
few  km. 

NMFS  has  reviewed  your  proposed  activity  and  has  determined 
that  provided  the  test  is  conducted  within  an  oceanic  gyre  at  the 
time  period  proposed,  and  is  only  for  the  shoxrt  duration 
mentioned  in  your  letter,  no  incidental  takings  of  marine  mammals 
are  likely  to  occur,  and,  therefore,  a  Small  Take  Authorization 
under  section  101(a) (5)  of  the  Marine  Mammal  Protection  Act  is 
not  necessary.  NMFS  scientists  have  identified  two  gyres  within 
the  North  Pacific  Ocean  where  your  research  could  be  conducted 
with  little  likelihood  of  encountering  marine  mammals,  one  area 
is  a  few  hundred  miles  north  of  Hawaii  and  the  other  is 
approximately  1,000  miles  west  of  San  Diego,  CA.  At  the  time  of 
the  year  you  propose  conducting  this  calibration  test,  mysticete 
(baleen)  whales  and  sperm  whales  would  be  expected  to  be  in  more 
northerly  waters  and  not  in  the  vicinity  of  the  test. 


2 


As  avoidance  behavior  by  marine  mammals  has  been  observed  to 
occur  at  decibel  levels  greater  than  120  dB  for  continuous  noise, 
efforts  should  be  undertaken  to  ensure  that  marine  mammals  are 
neither  within,  nor  on  a  course  that  will  Intercept,  the  120  dB 
isopleth  of  the  transmitter  when  in  operation.  In  the  event  that 
a  marine  mammal  is  sighted  within  6  nm  of  the  source,  because  you 
are  not  authorized  to  incidentally  take  a  marine  mammal,  you 
should  terminate  activities  until  the  marine  mammal  has  left  the 
vicinity  of  the  test.  In  addition,  as  some  marine  mammals  may 
exhibit  a  startle  response  at  the  onset  of  high  noise  levels,  it 
is  important  that  the  source  be  powered  up  slowly  to  avoid  this 
type  of  taking  by  harassment.  Your  letter  notes  that  you  have 
agreed  to  this  procedure. 

Finally,  it  is  recrmmandod  that  the  marine  biologist  onboard 
the  vessel  be  a  trained  marine  mammal  observer.  Although  a 
marine  biologist  would  be  able  to  recognize  a  marine  meunmal  or  a 
sea  turtle,  and  therefore  terminate  or  delay  transmitting  the 
acoustic  signal,  a  trained  marine  mzunmal  observer  would  be  able 
to  identify  marine  maunmals  to  the  species  level  and  would  be  able 
to  recognize  and  record  any  changes  in  behavior  that  the  acoustic 
signal  may  generate.  Also,  if  at  all  possible,  the  biological 
observer  should  be  provided  with  a  pair  of  25-power  pedestal- 
mounted  binoculars  mounted  on  an  upper  level  of  the  vessel.  The 
binoculars  would  allow  the  observer  to  detect  marine  mammals  up 
to  6  nm  (11.1  km)  from  the  vessel. 


Sincerely, 


William  W.  Fox,  Jr.,  Ph.D. 
Director,  Office  of  Protected 
Resources 


DELIVERABLES 


Three  deliverables  were  due  this  quarter: 

1.  A  detailed  plan  for  implementing  the  investigation  of  more  complex 

ocean  models  and  providing  a  prototype  design  of  an  experiment  for 
monitoring  the  North  Pacific  for  climate  change  and  natural 
variability.  This  deliverable  is  contained  in  the  Task  B  section. 

2.  SSAR  design  and  test  report.  This  report  will  not  be  completed  imtil  the 

results  of  the  August  AUTEC  tests  has  been  incorporated. 

3.  Delivery  of  SSARs  1  through  3.  As  reported  in  the  Task  C  section,  the 
delivery  of  these  SSARs  has  been  delay^  pending  the  completion  of  the 
AUTEC  tests. 


Two  deliverables  are  due  during  the  next  quarter: 

1.  SSAR  design  and  test  report. 

2.  Delivery  of  SSARs  1  through  3. 


Figure: 

Fig.  1 GAMOT  Deliverable  Master  Schedule 


DELIVERABLE 


MODEL  FROM  1980-1990  AND 
PROVIDE  A  VIDEO  OF  THE 


DELIVERABLE 


DELIVERABLE 


Figure  1;  GAMOT  Dettverable  Master 


